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Page 14, line 16 of firset paragraph: (x/c negative) should be changed

to (x/c positive).

Page 1k, third line from bottom: The equation % = -0.05 should be

changed to f = 0.05.

Page 38: In the two equations, C, should be changed to CN'

Page 70: The symbol Oy and its definition should be added after C

a8 follows:

CN normal-force coefficient (no ;Sforce>

Figure 8: In the expression under the curve "Neutral stick-free
stability for static margin of -.05c,"” the value -.05c should be
changed to .05c.
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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 1670

APPRECIATION AND PREDICTION
OF FLYING QUALTTIES

By William H. Phillips
SUMMARY

The materlial glven 1n this paper summarizes scme of the results of
Yecent research that will aid the designers of an slrplans in selecting
or modifying a configuration to provide satlisfactory stability and

_control characteristics. The requlirements of the Netilonal Advisory
‘Committee for Aeronsutices for satisfactory flying qualities, which
speclfy the important stabillity and control characteristics of an
airplane from the pllot?'s standpolnt, are used as the mein toplcs of
‘the paper. A discussion 1s glven of the reasomns for the requirements,
of the factors involved in obtalning satlsfactory flying qualitles, and
of the methods used in predicting the stebility and control character—
istics of an airplane. This materisl 1s based on lecture notes foxr =a
training course for research workers engaged in sirplane stebility and -
control Investigatlons. :

~

INTRODUCTION

In recent yeers, extensive flight, wind—bumnel, and theoretical
investigations of the stability and combrol characteristics of alrplanes
have led to an improved understanding of this subJect and to better
correlatlion between the results of thess three research methods. The
present paper summerizes the more Important aspects of thls field of
research and presents Informatlon that will aid the designers of an
alirplane in selecting or modlifying & conflguretion to provide satls—
factory stablllity and conbrol characteristica. The material gilven in
this paper 1s based on lecture notes for a course, first given in 1942,
that was intended to traln research workers engaged in airplane stabllity
and control investligations.

The f£flying qualitles of an alrplane are defined as the stebility
and control chaeracteristice that have an Important bearing on the safety
of £light and on the pilots?! Impressions of the ease of flying an
alrplane in steady flight and In maneuvers. Most of the avallable
nowledge of flying qualltles. has been obtained from flight tests made
by the NACA since 1939 on approximastely 60 alrplanes of all types. In
these tests, recordling Instruments were used to obtain gquantitative
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measurements of control movements, control forces, and asirplane motiocns
while the pilots performed certaln speclified maneuvers. The results of
meny of these tests have heen published as NACA Wertlme Reports.
Reference 1 18 a typlcal example of this type of report. From the fund
of information eccumu:lated 1n these tests, 1t has been possible to
prepare & set of regulrements for sstisfactory handling quelitles, in
terms of quantities that may be meassured in flight or predicted from
wind—tunnel tests and theoretlical analyses. When an alrplane meets
these requirements, the ailrplane 1s fairly certaln to be safe to

fly and to have desirable gualities from the pllot's standpoint.

Different sets of specificatlone for satisfactory hendling charac—
teriastics have been prepared by varlous sgencles as a result of the
work done by the WACA. The requirements for satisfactory flying
qualitlies stated In this paper do not form a complete set and are
not taken directly from any of the previously published specificatione,
but include the more lmportant requirements that should, in general,
be met by all types of alrplanes. For more complete flying—qualities
specifications, references 2, 3, and 4 should be consulted.

The original lectures on wind—tunnel procedure and control—surface
hinge—-moment characteristlics were prepared by Mr. I. G. Recant and
Mr. T. A. Toll, respectively, and the corresponding sectlons of the
present paper were based upon the materlal prepared by these two members
of the Langley Asercnautical ILaboratory staff,

A list of symbols is included as an appendix.

LONGITUDINAL STABILITY AND
CONTROL CHARACTERISTICS IN
STRAIGHET FLIGHT
STABILITY CHARACTERISTICS IN STRATGET FLIGHT
Requlirements and Definlitions
An alrplane 1s required to be staticaelly longlitudinally stable with

gtick fixed or free in flight conditions in which it ig llkely to be
flown for long periods of time, and in the landing—approach and landing

conditiona. The meaning of thls requirement 1s explained in the followling

sections. First, the concept of trim end the concepts of static and
dynamic stabllity are consldered.

An alrplane 1s trimmed longitudinally in steady flight with stick
fixed when it 1s in equllilibrium, that 1s, when the resultant force on
the airplane is zero and the pitching moment 18 zero. An ailrplane is
trimmed in steady flight with stick free when, 1in addition to the above
conditions, the stick force 18 zero. The methods of obtaining trim are
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to adJust the pitching moment to zero by msans of the elevators and to
adJust the stlck force to zero by elther a trim tab, an adjustable
gstablllzer, an auxiliary alrfoil near the tail, or an adjusteble spring
in the control system. OFf these devices, the trim tab is by far the
most common.

In order to determine whether an alrplane 1is stable, it first must
be trimmsd. Stabllity is-related to the behavlior of an airplans after

14+ 4a Adativhad aliogohtlv Pram +the F1rimmad ~AnmAd+tan Stahi1it+y 1o
42U LD LA UL WU Ol Ly dLd Wil g Voo ALLLLLUDUL  WULILLL ULA/LLe W UG ek ale UJ -t

referred to as stick—fixed or stick—free sitebillty, depending upon
whether the control is held fixed I1n its trim position after the
disturbance or is left free. The hehavior of an alrplans after such a
disturbance may conslst of a divergence, a convergence, or an increasing
or decreasing oscillation. The definitlion of statlic longitudinsl
stabllity 1s expressed in terms of thils behavior as follows: an alrplans
is statically longitudinally staeble 1f, when disturbed slightly fxrom a
trimmed condition (by changing angle of attack or speed.), it will
Initially tend to return to 1ts trimmed condition. An alrplane 1is
statically unstable if, when 1t 1s dlsturbed slightly from the trimmed
condition, it performs a dlvergence. The dynemic longitudinal stability
may be deflned as follows: an airplane is dynamically longitudinally
stable if, after a disturbance, 1t performs a decrsasing oscillatilon.

An sirplane 1s dynamically unstable if, after a disturbance, it performs
an oscillation of incressing ampllituds.

Msthods of Obtalning Static ILongltudinal Stebllity

An alrplane will be statically longitudinally stable 1f, when the
angle of attack 1s Increased, the pitching moment acting on the airplane
becomes negative, tending to return the elrplene to its originasl angle
of attack (dCm/do negative). If this condition is fulfilled, the
airplane will also tend to return to its trim speed i1f the speed 1is
changed.. TFor example, 1f the speed 1s greater than the trim speed,
corresponding to a lower angle of attack than that required for trim,
the alrplane will tend to pitch up to the trim angle of attack. As
a result, it will go into a climb and the speed wlll decrease and tend
to approach ths trim speed.

An gpproximste theory of statlc longitudinal stabillity is glven
in order to show the effects of primary design features on the stability.
In the following analysis, it 1s assumed that drag forces and propeller
effects may be neglected. The thesory derived under these assumptions
applies aepproximately to the condlition of gliding flight at low angles
of attack. The theory glven herein is not suffilciently complete for
design purposes because the methods for determining the effects of the
fuselage and 1dling propellers are not dlscussed. The methods presented
in references 5 and 6 may be used to calculate the longltudinsl stability
of an airplene in the gllding condition for design purposes.
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Any coumbination of aerodynamic bodies that have linear varlatlons-
of 1ift and pitching moment with angle of attack (such as a wing and
fuselage) maey be shown to have an aerodynemic center. The aerodynemic
center 1s defined as the point about which the pitching moment remains
constant if the angle of attack ls varied st a glven airspeed. This
constant moment is indicated by the symbol My.

The moments and vertical forces acting om the alrplane are Indicated
in figure 1. The pitchlng moment about the center of-gravity is

M = Lx' + My — Lql (1)
By definition

tt
|

Cras

31,
CL do

M = CphaSc
Meking thege subsgtltutions glves
dCy, . {daCy,
M= a:i;qu + OmgSe — ap\—==* TquTz (2)

but : S ' o

Gp = a(? - %E) +

The followlng equation mey therefore be derlved:

[ @.--) +- 1%]( ) apSpl + a7§-q3x' + Cm aSc

Sc

(3)

Thls equation may be uged to determine the tall lncidence required forx
trim (Cp = 0) et a glven angle of attack for the simplified alrplane
under consideration.. The degree of static longitudinsl stability mey

now be obtained from the preceding expression by differentiating with
respect to a. The value of dCm/da is:

da = aSc *Ta
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From equation (4) a value may be found for x', the distance from the

4ac
aerodynamic center to the center of gravity, such that -E%E = O.
@

The concept of neutral point may now be introduced because the neutral

. dac
point 1s defined as the center—of—gravity location at which 7§§ = 0 wvwhen

the elrplene is trimmed (Cp = 0). When the center of gravity is ahead
of the nsutral point, de/dm ig negative and the alirplane is staticelly
stable. When the center of gravity is behind the neutral point, the value
of dCp/de 1s positive and the airplane is statically unstable.

The preceding equations for determining the meutral point with
gtick fixed can also be used to determine the neutral point with stick
free by using a value for the slope of the 1ift cuwrve of the tail
correspondling to that obtained with the elevator free. If the elevator
tends to float with the relstive wind (that is, to float up when the
angle of attack is increased positively), the 1lift effectiveness of the
tail will be reduced and the stick—free neubtral point wlll be farther
forward than the stick~fixed neutral point. If the elevator tends to
float against the relative wind (that is, to float down when the angle
of gttack is Incressed posltively as 1t may with certain types of
asrodynemic balance), the lift effectivess of the tail will be increased
and the stick—free neutral polnt will be behind the sticlk—{ixed neutral
polint.

The stabllity of an alrplane 1s expressed in terms of various design
perameters in formula (4). It is more convenient to transform this
formule so that the center—of—gravlity position 1s expressed in terms of
its distance from the nsutral point rather than from the asrodynamic
center of the wing—fuselag> combination. Solving equation (4) for the
distance between the center of gravity and the asrodynamic center of the
wing—fuselage combinastion yields

4Cpy
xt d.E T apSpl  Go
-~ = l - + (5)
c- gSc dCr,
do

ac . .
At the neutral point, .Tﬁ% = 0; hsnce, the distance betwsen the

aerodynamic center of the wing—fuselage combination and the neutral
polnt is

ﬁ(l-w)(>§ £ (6)
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As mey be seen from flgure 1, the distance between the center of
gravity and the neutral point is obtained by subtracting eguation (5)
from equation (6). This procedure glves the result

-

QIN
<8
Q

e > (7)

|

-~

Formule (7) shows that the degree of stability is determined solely by
the distance between the center of—gravity end the neutral point. The
distance between the center of gravity and the neutral point, expressed -
in percent of the mean aerodynemic chord, lis frequently called the static
mgrgin. If, in the design of the alrplane, the center—of—gravity location
is considered to be varleble, any degree of stabllity msy be obtalned

by sultable locatlion of the center of gravlity, and the tall may then be
designed simply from conelderation of its ability to provide trim. On
the other hand, 1f the center of gravity is Tixed by other design
conslderations, stablility must be obtained by providing a sufflciently
rearward location of the neutral point. Formula (6) shows what design
features of the alrplane may be changed to provide more resrward locatlon
of the neutral point. These possglbilities include Iincreasing the tail
erea, tell length, and tail aspect ratilo.

Under the simplified assumptions of the preceding analysls, the
pitching-moment coefficient varies linearly with angle of attack ang,
as a result, the neutral-—point locatlon is independent of angle of attack.
These assumptlions no longer hold in power—on flight or in flight near
the stall where ths drag is increasing or where appreclable flow
seperation may have set 1n. In these cases, the veriation of plitching
moment with angle of attack msy be nonlinear and nsutral-polnt -location
willl be a functlon of-angle of attack.

Dynamic Longitudinal Steblilty—

The position of the center of—gravity wlth respect to the neutral
point determines the static longitudinal stabllity but not the dynamic
stabllity. Certaln general relations exist, however, between the dynamic
stability and the position of the center of gravity wlth respect to the
neutral point. These relatlons are sumarized In flgure 2, which shows
the behavior of an airplane following a disturbence, with stick fixed
and free, wlth verious cemter—of—gravity locatlons. This method of
presentation 1s taken from a British report of limited availebility by
S. B. Gates, which gives a more complete discusslon of these relatlons.
The period of—the phugold, or long—perilod, oscillation referred to in
figure 2 1s so great that the damping of this oscillatlon has no
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correlation with the handlling characteristics from the pllot's standpoint.
(See reference 7.) The occurrence of an unstable or poorly damped short—
period oscillation with the elevator free is, howsver, very objectlonable
and dangerous because of the rapidity wlth which large accelerations may
build up. (Ses reference 8.) i

The divergence that occurs with the center of gravity behind the
neutral point 1s not violent, but is generelly a slow, easily controlled

motion. Although this type of instability is not dangsrous, 1t 1s

obJectionabls to the pilot on a long flight because small correctlons
must be mede continually to hold a given flight speed. It is also
undsesirgble because of 1llogical control—force varistions and stick
movements that are required in changing the flight speeds. For these
reasons, this type of Instability is consldered unacceptable for
satisfactory handling qualities. (This difficulty will be discussed
more fully in commection with control characteristics.)

EFFECTS (FF PROPELLER OPERATION AND
POWER OKN STABILITY
Single—Engine Alirplanes
The followlng discussion applles primarily to propeller—driven
alrcraft, though some of the effects of power on Jei—propelled aircraft
are quite similar to those on propellsr—driven alrcreft.

The application of power inmtroduces the following effects which
change the pitching moments acting on the airplaene:

(1) Moment of propeller axial force about center of gravity

(2) Moment of propeller normel force asbout center of gravity

(3) Increased engle of downwash

(4) Increassed dynamic pressure at the tail

(5) Chenge in pitching moment of wing due to action of slipstream

These effects wlll cause a change In longitudinal trim of the
airplane if the power is suddenly applied at a given speed. Silnce the
longitudinal stebiliity depends on the veristion of pltchling moment with
angle of attack, the factors Just listed will effect the stability if
they vary in magnitude with the angle of attack. In steady flight,
the propeller thrust coefflcient varles and, as a result, all the
related propeller effects vary with speed. The variation of propeller
thrust coefficient with 1ift coefficient in steady flight is ordinarily
gimilar to that shown in figure 3.
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The moments of the direct propeller forces msy be estimated from
theoretical conslderations or from experimentel date given in various
papesrs. A theoretical treatment of the propeller forces l1s given in
reference 9. Because the thrust coefficlent lncreases with 1ift coeffi-—
clent, the moment coefficlent caused by the axial force will increase
wlth angle of attack. If-the thrust line passes below the center of
gravity, this effect will be destabilizing. The normal forces act on
the propeller in a way simllar to the force that woyld act on a small
wing at the same location as the propeller. TFor a propeller located’
ahead of the center of gravity the propeller normal force will therefore
glve an sppreclable destablillizing effect:—

The effects of the downwash and Increased dynamic pressure in
the slipstresm on the pltching moments contributed by the wing and
horizontal tail surface are difficult to estimate firrom theoretical
considerations. TFor this reason, tests of powered models are normally
used to predlct the stability characteristice of an alrplane in the power—
on condition. Some general statements as to the effects of power on the
moments contributed by the wing end tall may, however, be mads.

The 1ncrement 1n dynemic pressure in the slipstream caused by
propeller operation increases lineerly with thrust coefficient. If the
tail is required to carry a down load for trim (as for example, to
offset the wing pitching moment with flapes down), the positive pltching—
moment coefficlent given by the tall located in the slipstream will
increase as the angle of attack of the alrplane increases, and a
destabllizing effect will result. In extreme cases, the tail msay
actually decrease the static longitudinal stability in power—on flight.

Because of the Increased normal force on the propeller wlth
application of power, the slipstreem ls deflected downward end thereby
causes asn lncreeassed downwash over the tall. Also, wlth power on, the
slipstream increases the 1ift of the section -of the wing thet it covers.
The downwash in the slipstreem, therefore, generally increases with
angle of attack more rapidly than the downwash outside the slipstream.

As a result, the factor 1 —-%& that occurs in the formula for the
stability contributed by the horizontal tall 1s reduced and the stabllity
of the alrplane with power on ls decreased.

If the tall is carrying a down load and comes Inmto the high—veloclty
region of the slipstream as the angle of attack Increases, the positive
pltching-moment coefficlent contributed by the tall wlll increasge with
angle of attack and a destebilizing effect will result. For this reason,
the horizontal tall surfaces of some alrplenes have been located near
the top of the vertical tall in order to avold entering the slipstream at~
high angles of attack.

Though the effects of power on the longlitudinal stablility of single—
englne alrplanes cannot be predicted In a completely rational manner,
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attempts have been made to devise semiempirical methods thet will yield
falrly accurate results. The method glven in reference 10 may be used

for design purposes.

Multlengine Airplanes

The effects of power on the longitudinal stability of twin—engine
or multiengine alrplanes are slmilar to those on single—engine airplanes
but certaln additlional effects that depend on the mode of rotation of
propellers are introduced. If the propellers rotate In opposite dlrec—
tions, changes In downwash over the horlzontal tail will be introduced
by the slipstream rotation. This effect is most marked in the case of
twin—engine airplanes, because in most cases the span of the horilzontal
tall does not extend far beyond the center lineg of the two propellers.
The downwash behind the inboard portionms of the propeller disks will
have a predominant effect on the angle of attack of the tail.

Experiments have shown that in the flap—up conditlon of flight ths
rotation of the slipstream behind the propeller continues in the same
directlion after the slipstream has passed over the wing. If the
propellers rotate in opposlite directlons wlth the blades moving up in
the center, the slipstream rotation will cause an Increment of upwash
at the tall that will incresasse in strength as the speed is decreased
because of the resulting increase in torgue coefficlient. This upwash
at the tall wlll cause & negatlve piltching-momsnt increment that
increasses wlth lncreasing angle of attack; therefore a stabilizing effect
will result. Conversely, if the propellers rotate in opposite directions
wilth the blades moving down In the center, an additlonal downwash at
the tail will be produced resulting in & destablizing effect. Figure 4
illustreates these conclusions.

Experiments have shown that wlth flaps down the dlrection of
slipstream rotation 1ls reversed after the slipstream has pasged over
the wing. (See reference 11.) As a result, the effects on stability
discussed for the flap-up condition may be reversed in a flap-down
condition of flight. In some cases, 1ln which tests show that ths
stability of a twln—engline alrplane may be different with flaps up or
down, the mode of propeller rotation may be changed to utilize these
stability effects; for example, I1f the stabllity is satisfactory with
flaps up but deficient with f£flaps down, the stability with flaps down
might possibly be improved by using propellers that rotate down in the
center.

In general, the mode of rotation cannot be readlly changed because,
for reasons of servicing and maintenance, 1t is desirable to employ
engines that rotate in the same direction.
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Jet—Propelled Airplanes

On a Jet—propelled eirplane in which the Jet 1s expelled from the
rear of the fuselage, the influence of the Jet on the flow about the
alrplane will probably have a negligible effect on stability. Application
of the Jjet power wlll, however, introduce the moment of the direct Jet
thrust sbout the center of gravity. The moment coefficlent caused by
this force varies with speed in =z manner similar to that caused by the
propeller axial force, and ite effects on stabllity are the pame. A more
gerious effect on stebllity may occur if the Jet exit is unsymmetrical.

In tbhis cese, the Jet may adhere to one slde of ths nozzle in soms

flight condltions and not in others. As a result, the dlrection of the
Jet thrust may change In sn unpredletable menner and cause large pitching—
moment chenges. TFor this reason, 1t 1s advisabls to use a symmetrical
nozzle which 1s not located directly alongeide other pexrts of the
alrplens.

In order to avold damage to the structure, the Jet is always located
in such a way that it —does not implinge directly on some part of the
alrplane. Jets mounted on the wing, which pass below the tall, may,
however, ceuse comsiderable change in the downwash at the tail even
though they do not blow dlrectly on 1t, because of the inflow of alr
into the mixing zone behlnd the Jet. The destabllizing effect of this
dovnwash is slmilar to that of a propeller slipstream. The magnitude
of thls effect may be estlimated from data glven in reference 12.

The flow into the Inlets of a turbojet englne alsoc causes a
destabllizing effect which may be estimated from the change in direction
and the mass flow of the alr entering the inlet.

CORTROL CHARACTERISTICS IN STEADY FLIGHT

In steady flight; the elevator must be used to offset any pitching
moment caused by the stebility of the airplane or, in other words, by
the variation of pltching moment with angle of attack. Ifthe alrplane
is stable (dCy/de negative), more up elsvator (corresponding to a more
rearvard position of stick) must be applied to hold the airplane at a
higher angle of sbtuck. Becsuse steady flight at a higher angle of
attack corresponds to a lower flying spesed, a stable ailrplane will
require a resrward motion of the control stick to trim at a lower f£light
speed. and vice versa. Such a condltlon leads to a logical type of
control, thet 1s, in order to reduce the speed, the pilot normally
noses the airplane up by pulling back on the stick. This stick position
may then be malntalned to hold the alrplans in trim at a lower flight
speed. On the other hand, 1f the alrplane is unstable, the pllot, in
order to fly at a lower speed, must first pull the stick back to nose
the airplene up and then move it forward ahead of 1its orlginal position
to hold the sirplane in trim at the lower speed and prevent the speed
from continuing to docrease.
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The stability of the alrplane with stick free ls similariy related
to the variation of control force wlth speed. If the alrplane 1s stable
with stick free, a pull force will be regqulred to trim at a lower speed.
Thus, for a stable alrplane, 1f the speed werse reduced and the stick
then reledsed, the stick would move forward and pitch the airplane down,
and its spesed would therefore increass t0 the originsl trim speed. A
logical typs of control results if the elrplane hag stick—free stability

because in order to reduce the speed, for example, the pilot must first

11T om +ha atdslr +o nt+teh Fhe adv»ntana 111 'ﬂ'a mae +han maintadn +thia
Puri OO W4 SUICX O Py oGl WS Sl pialls UpP. Q&Y CdSh M8iNvaall viid

control force to hold the alrplane Iln trim at the lower speed.

The stick—fixed stability of an airplane is apparent to the pllot
through its influence on the variation of elevator angle with speed or
with angle of attack. In steady flight the elevator is used to make ths
pitching moment zero. The variation of elevator angle wlth speed may be

© derived by use of this fact. The followlng relations are obtained from

Figure 5. The pltchlng momsnt due ko elevator angle 1s

M- s, ln (8)
28,

This formula neglects the smell pltching moment of the tail sbout its
querter—chord point. The pitching—moment coefficlent is

Cm =5 aCITEﬁTl (9)

° 35 aSc

In order to make Cp = O, +the pitching-moment coefficient due to the

elevator must be equal and opposite to the pitching-momsnt coefficient
due to the angle of attack. From formula (7) this guantity is

om = CL(dCL)
(10)
= (- %)
Hence
L1
53 EQTS'TI
Cr, = + =0 (11)
c gSc
or
CL aSc
56 = - —— (12)

TFIT&TST’
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or the elevator angle By 1is directly proportional to the 11ft coeffi—
clent C;, and to the distance between the center of gravity and the
neutral point. Because 1n steady flight

then

> (1%)
W
S

Crp Oy
d

3o,

w| 4

1 a2
c2
-

or the elevator angle varies inversely as the square of the speed.

Typical exsmples of the varlation of elevator angle with speed for
stable and unstable alrplanes are shown in figure 6. In general, curves
of the type predicted by formula (14) are messured in gliding flight
but conslderable varlations from this type of curve may be obtained in
power—on flight, because of the effects of power mentionsd previously
and also beceuse of effects of sldeslip that will be consldered later.

The stick—free stabllity of en alrplans In flight ls apparent to
the pilot through ite influence on the varlation of control force with
speed. The comtrol—force variatlion with speed depends not only on the
elevator—eaengle variatlon with speed but also on the hinge-moment character—
istice of the elevator. Some conslderation of the hinge—moment character—
istice of typical control surfaces will therefore be required in order to
derive an expression for the stick—Fforce varistion with speed. A control
surface that consists of a plain flap with no aerodynamic balance usuelly
has hinge moments thet vary linearly with angle of attack ox with
deflection at angles below the stell. In practlice, soms type of sero—
dynamic balance on the surfaces is usually employed. In scame cases, the
hinge—-moment chearacteristics of an.aerodynemically balanced surface are
nonlinear. In order that the control cheracteristics of the alrplane
shall be normal, however, linesr hinge-moment characterlstics are very
desirable and an effort -is usually made to avold nonlinear characterilstilcs.
For this reason, 1t wlll be assumed in the following dlscussion that the
elsvator hinge moment varles linsarly with asngie of attack of the tail .
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and with elevator deflection. This statemont may be expressed mathe-
metically as follows:

" = “Ia%%*s 5-38% (15)

Hinge moment may be expressed in terms of a dimensionless cosfficlent
similar to 1ift end moment coefficients. The hinge—moment coefficient Cp
is defined by the relation

0y = — ' (16)

q-bec’ee

Formula (15) msy then be expressed as follows:

- (chhaT + Blpg_ + ch(; apbece? (17)

The term cho has besn added to take care of any initlal hinge-—snoment
coefficient that may exlist when Cp and &, are zero. The trim tsb
may be used to very Cng.

The variatlon with speed of elevator hinge moment may be obtalned
by substituting in formula (17) the expressions for the values of ar
and B, already derived. The expression for By (formula (14)) has
been modified by adding Be,, the initial elevator deflection when Cg,
1s zero. This substitutlon glves

cL Zasc 5
H = dCL (1 - + iq|C +[- Chse + Cho drbeCe
da .
(18)

In steady flight O = —W—. The stick force is directly proportional to

the elevator hinge moment: F = KH. Making these substitutions and
gimplifying glives

W 9r de 2 Wx
¢ g|B S e’ 5GPt Gy ! agbece? | (
= I L I—S——Chﬁe + ho q.Tbece 19)
da

s

6
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where Cho‘ is the sum of the constant terms:

Cnot = 1TchaT + seochae + Cho {20)

Formuls (19) may be used to show the effect of various design
features on the varlation of stick force wilth speed. If the assumption
is made that the ratio qT/q_ does not vary epprecilebly with speed

(a condition usually true in gliding flight), the first two terms of
formula (19) are seen to be independent of spesd. The third term, which
depends on the trim—tab setting or stgbilizer setting, adds to the
constant force a force that varies as the square of the speed. These
condlitions sre shown graphlcelly In flgure 7. The slope of ths curve

of stick force agalnst speed for a given trim speed is seen to be sitable
when the sum of the first two terms glves a pull force. If chﬁe is

apsumed to be negatlve, factors contributling to stebllity are, first, a

center—of-—gravity locatlon ahead of stlck—flxed neutral point, and second,

a positive value of ChaT' The case of a positlve value of Ch6 iz of
)

no practical interest because, as will be shown later, thls condition
results in unstable short—perlod osclllations of the airplane with stick
free. If the airplane is steble with the stlck fixed (x/c negative)
increasing Ghae negatlvely wlll Increase the slope of the curve of

gtick force agalnst-speed.
The relative importance of the terms Chs and ChaT may be shown
-]

by substituting the following typlcal values for the first two terms in
formula (19):

g-: 40 pounds per square foot K = 1.25
dCy, ar
—L4 = 0.10 per d 2L - 1.0
o per degree 5
oC

de Lp .

da aeb o &
X _ 0.05 oy
[+ C

The first two terms of formula (19) are 2OOChaTbece2 end 62-5Chsebe°ee-
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For this particular value of static margin, therefore, s given change
in ChaT has about three times as much effect on the sum of these two

terms, and hence on the stablllity characteristics, as a slmilar change
in ChS'
]

One type of diagram that 1llustrates graphically the relative effects
of ChaT and chﬁe on the static stabllity, and that is also useful

in the design of an elevator, is shown in figure 8. This diagram is a
plot of CEQT against Ch6 . On this plot 1s a line representing
e

combinstions of Cth and Ch6 whlch meke the sum of the first two
e .

terms of equation (19), and hence the stick—free stebllity, equal to
zero. This line is drawn for the case of a statlc margin of 0.05c Just
considered, and also for the case of the center of gravity at the stick—
fixed neutral point (static margin equal to zero). When the static
margin ls equal to zero, variations of Ch5 have no effect on the

e

stlck—force variation with speed. In this dlagrasm, each combinatlion
of Ch5 and. Cth mey represent the hinge-moment charascteristics of
e : .

an elevetor with soms type of aerodynamic balance. It is possible to
pick combinations of Ch6 and chaT that will give stability. A
e

range of types of aerodynamic balance which will give stabillty may
therefore be selected. Other lines, representling such quantities as
various degrees of stick—force varlation with speed or acceleration,

trim changes due to flaeps and power, end boundarles betwesen stable and
unstable short—period oscillations, mey be draswn on a plot of this type.
The hinge-moment paramsters which give the most desirsble characteristics
for a given gpplication may then be determined.

The relation between the control characteristics of the airplane
and ths locatlions of the stick—flixed and stick—free neutral points may
be summarized on s dlagram similar to that previously given for the
gtability characteristics. This chart is shown as figure 9.

When a control surface 1s free to float 1t will assume a deflection
such that the hlnge moment is zero., If the surface is inltlselly trimmsd

at zero deflection, the floating angle 1s related to the angle of attack
by the formulsa

o (21)
hy

alo

It was previously mentioned that the stick—free stability would be
increased if the elevator tended to float against the relstive wind

and that a positive value of dCp/da would contribute to the stick—fres
stabllity. Formulae (21) indilcates that a surface with a positive value
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of Chch willl float agalnst the relative wind. The two msthods of
considering the problem of stick—Ffree stability are therefore in agreemsnt. .o

DETERMINATTON OF NEUTRAL POINTS FROM FLIGHT TESTS

Data for the determination of neutral polnts from flight tests are
obtained by measuring the elevator angle and stick force regulred to
trim the alrplane at-various speeds. The tests are made at two or more
center—of—gravity positions.

Stick—+Fixed Neutral Point

The stick—fixed neutral point is determlned from the varlation of
the elevator angle with speed. Typical flight date showing elevator angle
plotted against speed for various center—of—gravity positions are shown
in figure 10(a). The stick—fixed neutral point at any given speed may
be determined by finding the center—of—gravity poslition at which the
elevator angle for trim remains constent as the gpeed 1s changed slightly.
Because of the difficulty of reading the slopes of the curves plotted N
in figure 10(a) with equal accuracy at all speeds, it 1s desirable
to plot first-the slevator angles against 1lift coefficlent as shown in
figure 10(b). Inasmuch a&s in this case these curves are not straight x
lines, the slopes of these curves are determined at the liftcoefficient
at which it 1s desired to find the neutral poinit. These slopes are

then plotted against the center—of—gravity position as shown in figure 10(c).
ad
The stick—f1ixed neutral point 1e the point at which slope EE equals zero;
L

in this case, 36.5 percent mean aerodynamic chord (M.A.C.).

Stick—¥ree Neutral Point

The stilick—free neutral point 1s determined from 'lghe varlation of stick
force with speed. Typical filght data showlng stick force plotted against
speed for various center—of-gravity positions are shown in figure 11(a).
From these.curves, a plot of F/q agalnst 1ift coefficlent is made as
shown in figure 11(b). The slopes of these curves are determined at the
1ift coefflicient at which it ls deslred to find the neutral polnt: These
slopes are then plotted agalnst the center—of—grevity position, as shown
in figure 11(c). The stick—free neutra.'li‘ point is found as the center—of— ] .

d_ ul
gravity position for which the slope E_-C-g- equals zero; in this case, at
L

28.0 percent mean aerodynamic chord.

This method 1s strictly correct only at—the 1ift coefficlent at which

the alrplane ls trimmed, but the error involved at other 1lift coefficients
is generally within the accuracy of the flight data.



NACA TN No. 1670 17

Another method to determine the stick—free nsutral point in flight
is to trim the alrpleme, stick free, at various speeds and record the
trim tab angle as a functlon of speed. The test 1s repeated at various
center—of—gravity posltlions and the gtick—Lree neutrsl point 1s determined
as the center—of—gravity positlon where the varlation of trim—tab angle
wlth 1ift coeffilcient 1s zero. The procedure used is simllar to that
described for f£inding the stlck—fixed neutral point from the measured
variation of elevator angle with speed.

EFFECTS OF COMERESSIBILITY ON TRIM AND STABILITY

Effects of Compressibllity on Varlous Alrplane Components

Large changes in the aerodynsmic forces and moments exsrted on a
wing do not occur until the wing critical Mach mmber is exceeded. At
the critical Mach number, a shock wave is formed. In order to defins
the critical Mach numbexr, a locus of polints on the body where the
veloclity of flow 1s a maximum must be determined. When the component
of velocity normal to this locus reaches the local speed of sound, the
critical Mach number 1ls reached. For two—dimensional and axially
symnstrical flow, or other flows in which the locus of points where
the velocity is a maximum is perpendicular to the free—stream flow, the
critical Mach number 1s the speed at which the local veloclty eguals
the local speed of gound. At a Mach number approximstely l/lO greater
than the critical Mach number, separstion of flow occurs behind the
shock wave, and the 11ft and the moment acting on the wing are greatly
changed. Gensrally the 1ift at a glven angle of atitack 1s reduced and
the pltching momsent acting on the wing becomes more positive. The
critical Mach number of a wilng depends principslily on 1ts thickness
and somewhat on its alrfoll gsection. The critical Mach numbers of
various airfoil sections are glven in reference 13.

The forces actling on the tall are Influenced by compressibility
effects in the sams way as the forces on the wing. At Mach numbers l/lO
or more above the critical Mach number of the tall section, the
effectivensss of a control surface such as the elevator may be expected
to be greatly reduced.

Compressglibility effects on the fuselage may cause considersble drag
increases but they usually do not serlously affect the stability.

Examples of Effects of Compressibility

Typical effects of compressibility on the trim and stability charac—
teristics of a straight-wing airplans designed primarily for flight at
subcritical speeds, as typified by f:r.ghter alrplenes of World War II,
are es follows:
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(1) Large nosing—-down tendency at high speed that may require pull
force on the stlck exceeding the strength of the pillot

(2) Lerge increase in stability which requires unduly large elevator.
movement and forces to produce a given change in 1ift coefficient or
acceleration

An exemple of the variation with speed of the stlck force required
for steady flight in a fighter alrplamne of this type ls shown In figure 12.
The stick forces required to pull out of the dlve with varlous accelerations
are also shown. Although most airplanes experience a diving tendency
due to compreesibility effects, some alrplanes have shown a nosing-up
tendency.

Reagons for \Compressibility Effects

In most cases the dlving tendency experienced at high Mach numbers
mey be accounted for by a reduction in downwash at the tail resulting
from geparatlon of flow at the wing root and slsc from the need to piltch
the alrplane to a higher angle of attack in order to malntain the same
1ift on the wing as the Mach number Increases. The lIncreased stsbllity
of the airplens at high Mach numbers results from the same cause, that 1s,
the alrplane must be pltched to a higher angle of attack than normsl to
obtaln a given 1lift Increment and when thls lift ls obtalned 1it-1s not
accompanied by downwash at the taill becausse of separation of the flow
from the inboard portions of the wing. When these compressibllity effects
are experienced in flight they are generally accompanied by severe
buffeting and sheking of-the airplane caused by the action of the wing
wake on the tall surfaces.

Compresslbillty effects may be postponed to higher Mach numbers by
providing thinner wings and otherwise providing for a cleaner design.
The terminal Mach numbers of fubture alrplanes may however frequently
oxceed the Mach numbers at which compresslibllity effects occur, in spite
of any refinements 1n design. With thinner sectlons, howsever, the
adverse effects of campressibility on stability and control are likely
to be much less severe.

Ancther method for reduclng the adverse effects of compressibility
le the use of sweepback. On a sweptback wilng of high aspect ratio, the
criticel Mach mumber of sgections not too close to the root or tip is
postponed until the component of velocity normal to the leading edge
exceeds the critlcal Mach number of the alrfoll in two—dimensional flow.
(See reference 1%.) On e finite—span swept wing, however, this amount of
galn 1s not obtalined because the root sectlon tends to behave more like
an unswept wing. Thus, the use of sweepback camnot~—be expected to
eliminate stability difficultles similar to those encountered with
stralght—wing designs. The use of a large smount of sweepback also
introduces many low—speed stability and control problems. (See reference 15.)
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Dive—Recovery Flaps

One device which has proved successful in providing recovery from
dives at high Mach numbers on straight—wlng alrplane configurstions
designed primariily for £light at subcritical speeds is known as the
dive—recovery flap which consists of a pair of smell movable flaps on
the lower surfaece of the wing, genersally located at ebout 30 percent
of the chord. Such flaps should be located 1n front of the horizontal
tall because their malin effect ls to change the span load distribution
of the wing so as to provide an increased downwash at the tall. For
a fighter alrplene such flaps would have sbout 2—foot span snd 6—inch
chord. When deflected in the dive these flaps will cause the airplsane
to pull out with an acceleration of about 5g. The acceleratlon obtained
may be adjusted by varying the flap deflection. A typical dive—recovery
flap installation is 1ilustrated in flgure 13.

EFFECTS OF STRUCTURAL AND CONTROI~SURFACE DISTORTION

OR LORGITUDINAL STABILITY

Another cause of difficulty with longlitudinal stabillty and control
characteristlcs that appears in flight at high speeds 1s dlstortion of
the coverlng on ths control surface, twisting of the stabllizer, or
bending of the fuselage. The most serious effect gensrally results from
deflectlion of the covering of the control surface. Such effects generally
arise from two causes. These are first, a dulglng or sucking in of
the covering due to positive or negaetive internal pressure, and second,
a change in the mean camber line of the control surface due to external

aerodynamic loads.

The effect of positive internsl pressure may bulge the surface so
that its tralling—edge angle 1s greatly Increased. Thls change in
contour may result In the surface becoming overbalanced and will cause
violent short—period oscillations to occur. On the other hand if the
covering is sucked in by negative lnternal pressure, the effective
tralling—edge angle may be reduced so that valuses of cha, becoms more

negatlve. This change in hinge—-moment characteristics may result 1In
a logs of stick—free stability which may cause unstable control—force
variations with acceleration in dive pull-—outs.

Bowing of the mean camber line of the control surface which
Increases progressively with speed may occur if the fixed surface ahead
of it is set at the wrong angle. For example, 1f the stabilizer incidence
is too great, up elevator wlll have to be carried in flight at high speed.
The down load on the elevator wlll csuse a progressive lncreasse in
curvature of the surface which gives an effect similar to deflectling a
trim teb on the surface farther up as the speed increases. As a resultl,
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rgpldly increaslng pull force will. be regqulred to mgintain trim. The

opposite effect will occur Iif the stablilizer 1s set a'i_; a negatlve angle,

requiring down elevator for trim. The effects are illustrated in "
Tigure 1h4.

In order to determine whether unusual control characteristics in
high—-speed flight sre caused by compressibility or by distortlon, tests
should be made at low and high altitudes. In this way different Mach
numbers may be attained at the sgame dynemic pressure. Compressibility
effects will always set1in at a glven Mach number, whereas distortion
effects wlll set 1n at a glven dynamic pressure.

These stabllity characteristics cannot be predicted from wind—tunnel
testes of a rigid model; however, tests of-=a rigid model should give
characteristics of the basic alrplane configuration when 1t ie free from
distortlion effects. The dlstortlon effects may be minimized by correctly
getting the stabilizer and by properly venbting the elevator to avoid
large internal pressures. In goms cases the distortlon effects may be
employed to advantege to provide increased stebility if the rigid
airplaene 1s deficlent 1n stabllity. A more complete snalysis of these
distortion effects is given in refleremce 16.

LONGITUDINAL: TRIM CHANGES DUE TO POWER AND FLAPS

Regquirement a

The specificatlons of varlous agencles for satisfactory flying
qualities differ somewhat In the limits specified for sallowable trim
changes. In general, the requlrement 1s that the change in stick force
due to changling the configurstion of the alrplane by changing the flap
position or power condition should bhe less than 35 pounds at any speed
within the structural limlits of the design.

Reasons for Trim Change with Flap and Power Condition

In general, changing the flap or power condition wlll cause a change
in angle of flow and in dypamlc pressure at the tall. These effects
combined with the change in wing pltching-moment—characteristlcs will
require a change in elevator angle to malntain trim, The change In the
angle of attack and elevator angle influence the elevaftor hinge-moment
coefficlent 1n accordance wilith the values of cha, and Ch&' A change

in dynemic pressure causes a change 1n elevator hinge moment even 1f the 1
hinge-moment coefficient remeins constant. Trim change may possibly be
minimized by using values of Cha. and Ch5 such that the effects of P

angle of attack and elevator deflection tend to cancel. one another.

The maximum trim change frequently occurs wheon full power is applied
after the alrplane has been trimmed for a landing approach with flaps
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down and power off. This condition usually requlres full nose—up trim—
teb deflection. With application of power the veloclty of flow over the
trim tab genersally lncresses more than the average change over the tail
and large push forces may be required to prevent the airplanse from

nosing up.
On large alrplenes, the value of Ghs must be madse smsgll o obtain

light forces Iin msneuvers over a reasonably large center—of—gravity range.
Since large changes in angle of attack of the tall usually occur when
the flaps are deflected, the valus of Cho; must also be small to avold

largs trim changes. In general, a large positive value of cha,

(obtained with a horn-balanced elevator or a ‘beveled—trailing—edge
elevetor) has been found to lead to excessive trim changes.

LANDING AND TAKE-(OFF CHARACTERISTICS

Requirement for Landing Characteristics

The flying—qualitles requlrements state that the elevator control
should be sufficiently powerful to hold the alrplans off the ground until
three—point contact is made for a conventional lending gear and, for a
tricycle landing gear, should be sufficlently powerful to hold the
alrplane from actual contact with the ground until the minimum speed
required of the alrplane 1s attained., The stick force requlred for this
maneuvey should be less than 50 pounds pull.

Requiremsnts for Take—Off Characteristics

During the take—off run it should be posslble to maintaln the attitude
of the alrplene by means of the elevator at any value between the level
attitude and that corresponding to maximm 1ift under the following
conditlons: -

(1) For a tricycle landing gear, after 0.8 take—off speed has been
reached

(2) For a conventlonal landing gear, after 0.5 take—off speed has
been reached

Discussion of Ground Effect
The foregolng requirements were establlshsd becsuse the landing

conditlon 1s often the mogt critical with regard to elevator control.
This condition results from the fact that the ground rediicés the downwash
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engles near the tall and mskes the alrplane more stable. The size of the
elevetor is usually determined by the control requliremsnts neexr the
ground. A simplified explanstlon of the effect follows.

The elrplane wing may be replaced by a vortex whose strength 1s
proportional to the 1ift, as shown in figure 15(a). The vortex produces
a vertlcal velocity w in the region of the tall and the downwash angle

m
i
i

The effect of the ground cen be simulated by a mirror image of-the
alrplane and its vortex system, since such an image will satisfy the
condition that there can be no vertical velocity through the ground.
This vortex system ls shown in figure 15(b). The effect of the image
vortex 1s to produce an upward veloclty Vg in the region of the tall.

The downwash angle when the airplans l1s near the ground is then

W -V
¢ = —E&
.v.

The downwash ls therefore reduced by the presence of the ground and more
up—elevator angle 1s requlred to trim the airplans.

LONGITUDINAL STABILITY AXRD
CONTROL CHARACTERISTICS
INACCELERATED FLIGHT

Relationa between Longitudlnal Stability

in Straight and In Accelerated Flight

In the preceding sections the static stability of an alirplane in
stralght flight has been discussed. The stability was relatsd to the
variation of pltching moment wlth angie of attack. Changes in angle
of atteck were brought about by changing the speed while keeplng the
alrplane in straight flight at 1 g normal acceleration. This condition
applies in ordinary climbing, cruising, or gliding flight. In meneuvers,
however, it is more common for the pllot to meke sudden or rapid changes
in angle of attack which occur before the speed can change appreciably.
The result of such changes In angle of attack i1s to cause an accelerated
megneuver. In this case, the normal acceleration ls more than 1 g and msay
approach the structural limits of the alrplane, which for flghter
alrplanes corresponds to about 9g, and for transport or bomber types,
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to about 3g8. During an accelerated msnsuver of this kind, the elevator
1s used to supply & pitching moment which balances the pitching moment
caused by the verlation of angle of attack. In this respect longltudinsl
stabllity in mansuvers is similar to that in straight flight. An
additionel pitching moment is Introduced, however, because of the
curvature of the flight peth In an accelerated maneuver. In order to
calculate the elevator movement and control forces reguired in
accelerated maeneuvers, the effects of both sources of pitching moment
must be consldered.

The effects of curvature of the flight path are discussed first.
Consider the alrplane performing e pull-up from stralght f£light while
traveling st constant speed as 1llustrated In figure 16. The change
in angle of attack of the tall caused by the curvature of the flight
path 1s given by the expresslon

% = A (22)

The radius of curvature msy be expressed 1n terms of the normal acceler—
atlon and the speed by means of the formmla

&r- 2
-1 =x_-¥ 2
n = " %= (23)

The change in angle of sattack of the tall caused by curvature is therefore
glven by the expression

MT_-..KP‘?EJ')_S. B . (24)

For some calculatlons this formila ls more convenlently expressed in
terms of Llift coefficlent Iinstead of normal acceleration. From the
definition of 1ift coefficilent

-

Cy, =

S (25)

"HE

This formulas mey be solved for V2 o give

7° = (26)

AL
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Substituting this value in formula (_21|-) glves the following expression:

Yn - 1)g CISE ) .-
bap = Wo
> (27)
_CLa-1
24 n
where

The quantity @ is called the alrplane relative—denslty coefficlent.
This factor frequently occurs in dynemic-stability-celculations.

The change in elevator angle required in accelerated flight, like
the change in angle of attack of the tail, comes from two mources. The
first pert, designated Asel, is that required to pltch the whole

alrplene to a higher angle of gttack, and the second pert, desig— .
nated Abee, is thatrequlred to offset the additional 1ift on ths

tail that results from the curvature of the flight path. The quantity Abel

is derived by equating the pitching moment due to the chenge in elevator
angle to the pltching moment due to change 1n angle of attack. The
expresgion for the elevator angle was derived previocusly and ig glven
in formula (12). The change in elevetor angle is

. (29)
LT o
So, ot

ABe

An additional change in elevator angle 1s required to offset—the effect
of curvature of the flight path. This change in elevator sngle is given
by the expression

Fa¥s) = X T
S5 T
2 1 (30) .
__%Ln-2 1
2UT n
J
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where

T = 1y (31)

The sum of these two increments of elevator angle glves the total change
In elevator angle required in accelerated flight.

Calculation of Stick Forces in Accelerated Flight

o
E;
o
o
l..-l
®
-«
o
¢
'_
(Edn
[
c

A = (Asechae + AaTChUT>qT'bec o2 (32)

It is convenlent to conslder separately the changes 1n hinge moment
caused by pitching the whole alrplane to a higher angle of attack and

the changes 1n hinge momsnt caused by the effects of curvature of the
flight path.

Effects of pitching the whole alrplane 10 a higher angle of attack.—
The change in elevetor angle necessary to substitute in formula (32) was

given in formula (29). The change in angle of attack at the tall is
derived ag follows:

oo (- 82

Tt

Substituting the preceding values for Aﬁel and Ach in equation (32)
1l

dagy
| (33)

end simplifying gives the following expression for the change in elevator
hinge moment:
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b (0 — 1)bece? (34)

where AEl 1s the change in slevator hinge moment neglecting the effects
due to curvature of the flight yath.

Effects of curvature of the flight path.— The chenge 1n elevator angle
necessery to substitute in formula (32) was given previously (formula (30))
and. the change in angle of attack at the tail due to the curvature of the
flight path was also presented (formule (27))." The elevator angle used
1s that required to offset the addltlional 1ift on the tall caused by the
curveture of the fllght path. When these gquantitles are substituted in
formule (32) and the result-simplified, the following expression is
obtained for the change in elevator hinge moment caused by curvature of
the flight path:

a .
AHp = l:-'—J‘:ChBe + Chmr]g-g -qz 1beCe2(n — 1) (35)

Digcussion of Factors Influencing Stick Forces
in Accelerated Flight

Formulaes (34) and {35) show that the hinge moment and hence the
stick force In a pull—p variles directly with the normal acceleration
and that the force per g normal acceleration ls approximately independent -
of speed. The part of the stick force per g caused by pitching the.
alrplene to s hlgher angle of attack 1s proportional to the wing loading
and to the span timss chord squared of the elevator. The comtribution
of Chae to thils part of the force per g is proportional to x, the

distance between the center of gravity-and the stick—fixed neutral point
in stralght flight. The part of the stick force per g caused by curvature
of ‘the flight path is proportional to the alr density, the tall length,
and the spen times chord sgquered of the elevator. This part of-the

force per g, therefore, varies with altltude and approaches zero at high
altitude where the density becomes smell. This part of the force per g
1ls Independent of the center—of-gravity position.

Distinction between Turns and Pull-Ups

In a steady turn the angle of bank rapidly approaches 90° as the
acceleration increases. For exemple, in a 2g-turn the angle of bank
ig 60°, and in a lLg-turn the angle of bank is 76°. When the airplane
is banked the acceleratlon of gravity which caused a reading of 1 g on
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the accelerometer in level flight 1s no longer applied to the instrument.
A turn and a pull-up made gt the same value of accelerstion as determined
by an accelerometer will, therefore, differ because 1 g which was supplied
by gravity in the pull—up must be supplled by a shorter radius of
curvature in the turn. The change in the angle of attack at the tail
caugsed by curvature of the flight path will, therefore, be greater in

a steady turn than in a gradual pull-up at the same acceleration. The
expression for change in angle of attack at the tail caused by curvature
of the flight path in a turn is as follows:

recg = EEJ.(___DE — ) (36)
240\ n°

When this expression is used to calculate the force per g it is found

that the force per g in a turn does not vary linearly with the acceleration.
The departure from lineerity causes a slight difference between the values
of force per g measuwred in turns and pull-ups. This difference, however,

is generally within the experimental accuracy of flight tests. Many

other factors may cause a nonlinear varlation of stick force with
acceleration on an actual airplane. For example, nonlinear stick—force
varigtlon may be introduced by nonlinesr hinge—moment characteristlcs of
the elevator or by gyroscopic moments from the propeller.

Requirements for Elevator Control in Accelerated Flight

The elevator effectiveness is specified by the requirement that

elther the allowable loasd factor or the maximm 1ift coefficient can be
developed at every speed. Ordinarily this requirement is less critical
than the requirement for making a three—point landing. Possible exceptions
to this statement are as follows: light airplanes for which the effects

of curvature of the £light path are large, and flight at high Mach numbers
where, because of large increases in stability caused by compressibility
effects, excessive elevator deflection mey be required for msneuvering.

The veariation of normgl acceleration with elevator angle and with
control force should be approximately limsar. The theory developed
previously indicates that this conditlon will be satisfied 1f the slevator
hinge moment and effectiveness charscteristics vary linearly with
deflection.

The variation of the elevator control force with normal acceleration
should be in the followlng range:

(1) For transports, heavy bombers, and so forth, less than 50 pounds
‘per g

(2) For dive bombers, torpedo planes, and so fo;th, less than 15 pounds
ber g
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(3) For pursult types, sport planes, and other highly mansuverable
airplanes, less than 8 pounds per g

(4) For any airplane it should require a pull force of not less
than 30 pounds to obtaln the allowable load factor

These requirements vary somewhat in the specifications of various
agencies, bubt the force limlts are 1n the sgme range. Another requiremsnt-
gometimes made is that-the elrplane should not, under any condltiomns, be
flown wlth the center of gravlity far enough back toc reduce the force
gradient to zero pounds per g. An additionel requirement that the force
in rapid maneuvers should be sufficlently heavy compared to the force
in steady turns has been shown to be necessary by recent research.

Examples of-Stick Force in Accelerated Flight
on Different Types of Alrplanes

The stick force per g of an sirplane at any center—of—gravity
position may be convenlently shown on a plot of the type shown in
figure 17(a). The effects of-changes in some of the paramsters that
influence the force per g are illustrated in figure 17(b). In order
to 1llustrate the effect of alrplane slze on the stick—force character-
istics, the force per g that—would be obtained at various center—of=-—
gravity positions on three alrplanes of dilfferent types has been
calculated. The calculatlons were based on the agsumption of-an
unbalanced elevator with hinge-moment paremeters Chq, = —0.003 per degree

and Cha = 0,007 per degree. The results of the calculations are shown

in figure 18. The desired range of stick force is also shown in this
figure. The airplane characteristics that were assumed in calculating
these results are given 1n table I.

From these examples, the use of a plaln unbelanced elevator on
the fighter or bomber alrplanse types 1s seen to give stick forces that
do not satisfy the requirements over a sufficiently large center—of=

gravlity range.

Means of Obtalning Satisfactory Elevator Control
Forces 1n Steady Manesuvers

As illustrated in figure 17(b), the variatlon of stick force per g
with center—of—gravity position may be decreased by reducing the value
of Ch6 and the value of the stick force per g may be changed by a

constant amount st any center—of-gravlity position by changlng the value
of Cp,. A constant increment of stick force per g may also be added
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by use of a bobwelght. A bobweight, therefore, has an effect on the
sbick—force characteristics similar to that of a more positive valus
of Cha,' Means for independently varylng the values of Cha, and Chs-

" were discussed in commectlon with the balancing of control surfaces.
Figure 18 shows that an unbalanced elevator will provide satisfactory
stick forces on g light alrplane, but that a large amount of aerodynamic
balance will be required on larger airplames. The required reduction
in C;h{3 as a function of alrplane weight 1s shown roughly in filgure 19.

Since amall varistlons in Chs wlll occur because of differences in

contours of the elevators withlin production tolerances, the stick—force
characteristics of very large slrplanes may be dlfflcult to predict and
may vary widely between different slrplanes of the same type if a
conventional elevator is used. Thesé difficulties may be avoilded by

the use of & servotab or by soms type of booster mechanism which multiplies
the pilotl's effort by a large factor.

Stick Forces in Rapid Pull—Ups

When an alrplane is equipped with an elevator that does not have a
large amount of aerodynemic balance, the stick force required to produce
a given acceleration in a rgpld pull—up wlll be much larger than the
gtick force requlred to produce the same acceleratlion 1n a steady turn,
because the elevator deflectlion required in a rapid pull-up is much
larger. On the other hand, if the elevator is very closely balanced
go that Ch6 1s zero and all the force 1in & mansuver results from the

use of a bobwelght or a positlve value of Chcc the stick force in =

rapld mansuver will be no greater than that in a steady turn. Such
arrengements have been tried in order to provide desirable stick forces
in steady turns over a large range of center—of—gravity position. Flight
tests of such an arrangement have shown it to be undesirable, however,
because the pllots obJect to the light stick forces in rapid msnsuvers.
With such a system the pilot msy be able to deflect the elevator quickly
a large emount with practically no stick force and them the stick force
caused by the action of the bobwelght will bulld up as the acceleration
increases. In order +to evold this undesirsble control feel, the use

of very closely balanced elevators should perhaps be avolded. This
restriction will necessarily 1imit the center—of—gravlty range over which
desirable stick forces can be obtalned unless some addlitional mechasnism
is employed which increases the stick forces for rapid deflectlons
without affecting the forces under steady condltions. .
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DISCUSSION OF TYPES OF CORNRTROL -~
SURFACE BALANCE

Importance of Control-S8urface Balance

The dlscussion of stigk—force characteristics in steady flight and
in maneuvers indicated the close relation between the stick—Lree
longitudinel stability characteristlcs of an alrplane and the hinge-moment
baramcters of the elevator. The same type of relatlon 1s shown to exist
in the case of the alleron and rudder controls. Not only the stabllity
1teelf, but also the magnitvude of the control forces in varlous maneuvers
is directly dependent on the control-surface hinge-momsnt parasmeters.

Ag larger and faster airplanes sasre made, an increased degree of balance
(corresponding to values of Chy, and Cpg closer to zero) must be

employed on all control surfaces in order to prevent control forces in
steady flight and in maneuvers from becoming excessive. Several common
types of aerodynemic balance for control surfaces wlll be considered.
First, the characteristics of a plain control surface, which consists of
a hinged flap with no aerodynamic balance, is dlscussed.

L4

Plalin Control Surface

The values of Cha and Ch8 as a function of flap chord for plain

(unbalenced) sealed flaps on an NACA 0009 airfoil of infinite aspect ratio
are sphown in figure 20, These data are taken from reference 17. Ths
effect of finite aspect ratio usually is to reduce somewhat the negative
values of both Cp, and Chﬁ' Religble values of these hlnge—moment

parameters for a finite aspect ratlo can be calculated from the two—
dimensionel parameters only when methods based on lifting-surface theory
are used. Lifting-line—theory methods, such ag are generally used in
prediction of lift—curve slope, have besen proven inadequabe. Lifting—
surface~theory equatlons, applicable to full-aepan control surfaces on
wings of finlte aspect ratlo, are given in reference 18.

Balance Characterlstics

Overhanging or inset—hinge balance.— The overhanging balance or
inset=hinge balance hag heen the type most commonly used In the pest on
actual alrplenes. The hinge—momsnt parameters for control surfaces
having such balences are affeoted by the overhang length and by the
balance nose shape in the mamner illustrated in figure 21. These data
are teken from reference 19, which alsc contalns a large amount of
informatlon on the various types of aerodynamic balance. Inoreasling the
bluntness of the bglance nose reduces the hinge moments for gmall
deflections, but it also tends to make the flow meparate from the
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balance nose at smaller deflections than those at which separation occurs
on an elliptical— or sharp—nose section. A control surface with a very
blunt—nose balance therefore wsuslly must be restricted to a smaller
deflection range than a control surface wlth s more rounded nose shape.

Unshlelded horn belance.— The effects of varying the size of an
unshlelded horn balence are shown for a typlcal case ln filgure 22.
These data are taken from refersence 20. The asmount of balance 1is
exXpressed in texrms of the ares momsnt of the horn about the hinge lins.

Beglancing tab.— The effect of a balancing teb is to reduce the
negative value of G}:,6 wlthout apprecisebly changling the value of chm.

The value of Cha, is not changed because the conflguration of the

girfoil 1s not affected by the tab except when the control-surface
deflection is varied. The tab affects the value of Ch5 by changlng

the prsasure distribution in the vicinity of the tralling edge of the
control surface when the surface ls deflected. This change for a
balancing teb results in a small loss 1n conbrol-surface effectliveness
a8 well as & reduction in the value of Chs. A tab with a ratlo of

tab chord to flap chord of about 0.2 glves the least reduction in
control effectiveness for a glven change in Chs' Typical effects of

a balancing tsb on the hinge—moment characteristics are 1llustrated
iIn figure 23. The data shown in this figure are derived from reference 19.

Beveled—tralling—edge balance.~ The flow In the vicinity of the
trailing edge of an alrfoll equipped with a beveled—tralling—edge control
surface, when the control surface is deflected, is like that caused by
a deflected tab. For this reason, the value of Chs is reduced by ‘the

beveled tralling edge. The beveled tralling edge also reduces the
negative value (or increesses the positive valus) of Chq’. A Develed

trailing edge on an unsealed control surface mey give exaggerated effects
at small deflections and angles of attack, which result in overbalance
of the surface for e small deflection range. For this reason, control
surfaces equlpped wilth a beveled trailing edge should be sealed. The
effects of tralling—edge angle on hinge—moment characterlstics ars

shown in figure 24. The date shown in this filgure are derived from

_ reference 19.

Sealed internal balasnce.— The characteristics of a sealed Internal
balance are scmswhat similar to those of an overhanging balance. The
ratio of the area of any leaks In the seal to the area of the vents at
the hinge line must be small if the balance i1s to be effective. In
practice, some type of rubberized cloth seal is most satlisfactory. The
effects of a sealed internal balance on the hinge-—momsnt characteristics
are shown in figure 25. ’

Other types of control-surface balance.— Other types of control—
surface balance that are sometimes used are as follows: shielded horn
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balance (peddle belance), Frise balance, plston balance, esnd various types
of double—~hinge control surfaces, such as those described 1ln references 21
and 22. Other devlices that may be used Lo reduce control forces include
spoilers (reference 19), all-movable control surfaces (reference 23},
gservotabs, and spring tabs (reference 24).

Comparigson of Various Balancing Devices

The preceding dlscussion of the various balancing devices has shown
that soms balances affect Chm more than Chg, whereas other balances

have a predominant effect on Chﬁ' In order to obtaln desired control—

force and stabllity characteristics, it ls convenient tobe able to
very Cp, end Chﬁ Independently through the appropriaste choice of

balance or of combinatlons of balances.

A comparison of the relatlve effects of the various balances on
the hinge-moment parameters is glven in figure 26 where values of cha

gre plotted sgeinst values of Ch&' A point indicsted by a circle on

figure 26 represents the values of the hinge—moment parsmeters of-a
typical plain control surface. The varioug lines radlating from that
point indicate the mammer in which the hingo-moment parsmeters are
changed by the addition of variocus kinds of balances. The dlstance
along sny of the lines from the polint for the plain control surface
to a point for a balanced conirol surface depends on the smount of
belance used. Through the appropriate choice of asrodynamlic balance
a large number of combinations of Cha end Ch6 can be obtalined. A
consgilderably greater number of combinations of these parameters can
be obtained by combining two or more types of balance as, for example,
e smgll amount of bevel with any of the overhang balances or with a
balancing tab. The value of Ch@ may be made to increase positively

while the velue of Ch6 increases negatively by combining an unbalancing

teb with an unshielded horn balance or wlth a bevelsd—treiling—edge
belance. A plot of Cp, against Cpg such as figure 26 showing the

balance characteristics may be used in conjunction with a similar plot
such ss figure 8 showlng the required hinge-moment characteristics. By
comparison of the two sets of curves, a balance which will provide the
deslred stick forcee may be selected. '

Any of the types of-balance discussed in this sectlon may be used
to reduce the value of Ch6 to zero 1f used in sufficlent—smounts: The

choice of the type of belance to use 1n a practical instaellatlon depends
largely on the effect of the balance on characteristics other {than the
hinge momentes at small deflections. The advantages and disadvantages

of various types of balance are briefly discussed in table II.
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DIRECTIONAL STABILITY AXND

CONTROL CEARACTERISTICS

DIRECTTORAL TRIM CHARACTERISTICS

Requiremsents

For all types of alrplenes, the rudder should be sufficilently powerful
to provide equilibrium of yawing moments in flight wlth the wings level
at any speed and in any fllight condition. When the alrplane is trimmed
at maximm level—f1light speed, the rudder force required at any speed
from the stall to the maximm diving speed should be as small as’ possible
.and. should not exceed 180 pounds. In addition, the rudder control should
be sufficlently powerful to msintalin directlonsal control during take—off
end landing. For multienglne airplanes, the rudder control should be
sufficlently powerful to provide equllibrium of yawlng moments at all
speeds above 110 percent of the stalling speed with any one engine
inoperative (propeller at low pitch) and the other engines developing
full rated power.

Directional Trim Characteristics for Single-Fngine Airplanes

Typical variations of rudder angle, rudder force, and sideslip with
speed 1n stralght flight with the wings laterally level are shown for a
single—engins alrplane 1In figure 27. The reasons for the rudder
deflection and sgideslip reaqulred at low speed with power. on are
illustrated in figure 28. At high angles of attack the propeller produces
a yawing moment and the propeller-fuselage combination produces a side
force. For the normal direction of propeller rotation (clockwise when
viewed from the resr) the yawing moment end side force are to the left.
Right rudder deflectlion 1s required to offset propeller yawling moment
and also to offset the alleron yawing moment when the allerons are _
deflected to balance the propeller torque. The vertical tall, therefore,
develops an additional side force to the left. In order to offset the
left slde force on the fuselage and tail, the alrplane must sideslip to
the left because wlith the wings level no side—force component due to
gravity exists. Additionsl rudder deflectlon to the right is required
to provide directional trim when the alrplane sideslips to the left
because of the alrplanels dlrectlonsl stability. Right ruddsr deflection
is also required to offset the effects of slipstream rotation. The
provision of directional trim at low speed with flaps down and rated
power generally ls a crltical condition for ths rudder power. It is
desireble to have sufficient rudder deflection beyond that required for
trim to offset the yawing moments due to alleron deflectlon and rolling
velocity in a roll.

The variation of rudder force with speed is caused by the effects of
power and by distortion effecte on the rudder fabric at high speed. In
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the power—off condition an sirplane with zero fln offset would be expected
to require no rudder deflection or rudder force for trim at any speed.
The right rudder force which 1s shown by flgure 27 to be required for
trim in the low—speed power—on condltion results from the right rudder
deflection required. The left rudder forces requlred for trim at very
high speed would occur if the fin were offset wlth leading edge to the
left, for the same reason that the elevator force variation with speed
depends on stabllizer setting. On actual alrplanes the fin 1s frequently
offset to the left in order to reduce the rudder deflection required

for trim at low speed. This practice appears inadvisable on

high-speed airplanes because of its adverse effect on the rudder trim
forces in dives that result from dilgtortion of the rudder.

A possible method for considerably reducing the rudder deflection
for trim at-low speed without introducing undesirable effecte at-high
speed 1s to offset the center of gravity ofthe airplane to the right.
Thig method ls effective for the following reasons:

(1) The aileron deflection required for trim at low speed and
therefore the alleron yawling moment—are thereby reduced

(2) If the thrust force exceeds the drag, the excess of thrust
over drag produces a yawing moment to the right about the center of
gravity which reduces the rudder deflection required for trim

(3) Because of the smaller side force on the vertical tail, less -
sldegllp is required for equilibrium and hence the rudder deflection
required to produce thils sidesldp is reduced

The control deflectlons requlred when the cenmber of gravity 1ls offeet
vary inversely as the sguare of the speed and therefore become very
small at hlgh speeds. Flight tests have shown that on a typlcal single—
engine airplsne a latersl center—of—gravity shift of 1.8 percent of the
wing span reducéd the rudder deflection required for trim at minlmm
speed in the wave—off condition by 10°.

CHARACTERISTICS IN STEADY SIDESLIPS

Requirements

Directional stability and control..characteristics in sideslips.—
Right rudder deflectlion should be required to hold left sldeslip, and .
vice versa. The varlation of rudder angle with sideslip should be A
approximately linear for angles of sildeslip up to #15°. The variation
of rudder force with sildesllip should be such thet right rudder force
should be required to hold a rudder deflectlon to the right of the d
trim position,and vice versa. If this requirement is met, the alrplane
willl tend to return to zero sldesllp when the rudder 1s released. For




NACA TN No. 1670 ' 35

multiengine airplanes the directionsl stabllity with rudder frse should
be such that straight £flight cen be maintained by sidsslipping, at any
speed above 140 percent of the stalling speed, with maximm possible’
asymmetry of power caused by loss of one engins.

Pitching moment due to sidesllip.— The variation of elevator angle
and elevator force with sideslip angle should be as small as possible.
Requirements of different agencies are somewhat different. Flight tests
have shown that the pitching moments in sideslips should not be sufficient
to produce undesireble changes in acceleration if the elevator ls left
free. A tentative requlirement 1s that the application of a rudder force
of 50 pounds should not produce a change In normal acceleration greater
than 0.2g.

Side—force characteristicg.— The variation of side force with
sideslip should be such that left bank is required in left sideslips and
vice versa.

The lateral stebility and control cheracteristics In steady sideslips
are consldered in another section.

Discussion of Equilibrium of an Alrplane in a Steady Sideslip

In a steady sldeslip the airplane flles straight with constant
attitude and speed and must therefore be completely in equilibriwm. In
order to maintain this conditlon the rudder ls deflected until the yawing
moment l1s zero. The allerons are deflected to mske thse rolling moment
zero and the elevators are deflected to make the pltchlng momsnit zero.
The alrplane must bank so that the lateral componsent of gravity offsets
the aerodynemic side force on the fuselage caused by sideslip. The
relation between the angle of bank and the angle of sideslip may be
derived by referring to figure 29

W sin @ = CyaS

or Tor small angles of bank

oC
w¢=5?§qs
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aCY “
g _ Bﬁl
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Cy
g _ 0B (37)
B~ Cp

This relation shows that st low speeds or high 1ift coefficilents, a large
emount of sldeslip will be required ln comblinatlon with a small angle of
bank in a steady sideslip. At high speed the angle of sideslip corre—
sponding to g given amount of—bank is reduced. The formula also shows
that an airplane with a small amount of side ares will have to sideslip
to large angles for relatively small amounts of bank 1n steady sldeslips.
If an alrplane 1s banked and an effort 1ls made to ralse the low wing by
use of the rudder elone, the f£flight path of the airplane willl contlnue
to curve towsrd the low wing until the sideslip is sufficlent to develop
gide force on the fuselage to offset the lateral component of gravity.

A large side—force coefficient 1s therefore desirable in order to
minimize course changes that occur when the alrplane is displaced in
roll by gusty air.

Typilcal Deficiencies in Sideslip Characteristics

One type of difficulty frequently encountered, kmown as rudder "lock," -

1s veally a condltion of rudder—-free directional Instability that occurs

at large angles of sldeslip. This difficulty 1s usually found to be

caugsed by the vertlcal tail stalling or emerging from the slipsiream at

large angles of sideslip. If an alrplane 1s dlrectionally stabls with

rudder free, left rudder force will be required to hold the alrplane in

a right-sldeslip and vice versa. When a conditlon of ruddsr lock is

encountered the rudder floate to an angle greater than that required to

hold the airplens in a steady sideslip, and the pilot must exert right

rudder force to return the rudder toward neutral when the alrplane e in

a right sldeslip and vice versa. This condition may be very dangerous

on a large alrplans because the rudder force required to push the rudder

from ite stops and start—it turning toward neutral may exceed the

strength of the pilot. . - _ L. _ _
Directlional Instabllity at amall angles of sideslip is sometimes

encountered, especlally in the flap-up condition at high angles of attack.

It is scmetimes caused by the vertical tall operating in the wake of-the

fuselage. This type of instablility makes it very difficult-to hold the

alrplane on the deslred course, especially in maneuvers Iin which high .

angles of attack are reached at high speeds. Lack of directional

stability at small engles of sldeslip may be dangerous in flight at

high speeds because 1in accelerated rolling manseuvers, in which the .

airplane is subJected to large yawing moments, angles of sildeslip may

build up sufficiently to exceed the design load of the vertical tail.
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Negative dihedral effect may be encountered in flight at low speed
wilth power on, especlally in the flaps—down condition, even though the
alrplane may have positive dlhedral effect in high-speed flight. The
causes of this condition are discussed in subsequent sections. Regative
dlhedral effect is undesirable, but 1s not consldered tc be a dangerous
condition provided that the alleron control 1s more than adequate to
hold up the leading wing in a sldeslip with full rudder.

Contributions of Various Airplane Components
to the Directional Stability

Directional stability of the fuselage.— The variation of yawing
moment with sldeslip for a fuselage is difficult to predict because of
the irregular shape of the fuselage. The effect of the fuselage cannot
be nsglected, however, because it usually contribubtes a large unstable
varlation of yawlng moment wlith sideslip. Theoretlcal attempts to
predict the directional Instabllity of the fuselage have been bhased on
calculations of the yawing moments on elllipsolds in an ideal fluid. The
flow around an ellipsoid In an ideal £luld does not slmulate the flow
around an actual fuselage and for this reason the theoretical calculations
exaggerate the directlonal instebility. These calculatlons do show thet
the directional stability of the fuselage depends principally on lts
dimensions as seen In the side vlew and does not depend to any larges
extent on its thickness. Since yawlng momsnts of Tuselage shapes are
frequently presented In the form of yawing—moment coefficlents based on
the fuselege volume, care should be taken to convert these results to
the basis of side dimensions when they are gspplied to prediction of the
moments on a body with dlfferent cross—sectlionsal shape. In order to
predict the directional stability of an actual fuselage, wind—tunnel—
teost results for a similar fuselage shape are preferred. Wind-—tunnel
results are frequently presented as the varlation of asrodynamic forces
and moments with angle of yaw, rather than angle of sideslip. Angle
of yaw is defined as the angle of the longltudinsl axis of the airplane
with respect to a fixed direction, whereas angle of sideslip is the
angle of the longitudinal axis with respect to the direction of the
relative wind. TFor an alrplane in stralght flight or in a wind tunnel,
the angle of yaw is equal to the negative of the angle of sldeslip, and
the two angles may be used interchangesbly. When any type of maneuver
involving turning is analysed, however, the two angles must be consldered
separately. In the preosent peper the term "angle of sideslip" will
therefore be used in the text when the angle with respect to the relative
wind ls being consldered. Some of the flgures presenting wind—tunnel
data, however, are glven 1n terms of angle of yaw In accordance with
usual wind—tunnel practice.

One of the factors contributing to the problem of rudder lock is
the fact that the unstable yawing moments from the fuselage and propeller
continue to Increase when large angles of sldesllip sre reached, whereas
the stabilizing effect of the vertical tsil may decrease when it stalls
or emerges from the sllpstream. Flgure 30 shows the variation of yawing
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moment wlth angle of yaw for an isolated fuselage with circular cross

sectlon. The effect of smell fins added on the rear part of the body

is also shown. The addltlon of fins mekes the fuselage very stable at
large angles of sidesllp though 1t does not affect the Instabllity abt

small angles of sideslip.

Propeller yawing moments.— A tractor propsller glves an unstable
variation of yawlng moment with sldeslip because it behaves like a
vertical fln located ahead of the center of gravity. The instability
contrlbuted by the propeller may be accurately estimated from theoretical
calculations of the direct propeller forces, such as those given in
reference 9. The propeller also affects the flow conditions at the
vertical tall and so influences 1ts contribution to the dlrectionsal
sbability.

Wing yewing momentg.— The varlation of yawing moment with sideslip
for the wing i1s generally small. A wing with positive gecmetric dihedral
will glve a slight destabilizing effect because of the influence of the
1ift force on the yawlng moments. The reason for the unstable variation
of yawing moment wilith sldesllip is shown In figure 31. The lift vectors
are drawn perpendicular to the relative wind and perpendicular to the
surface of the wing. Yawlng moments contributed by the Induced drag
in a steady sldesllp are small because the sllerons sre used to balance
out the rolling moment and hence tend to equalize the 1ift on the two
sldes of the wing. For conventlonal desligns the contrlibution of the
lgolated wing to the dlrectlonal stabllity 1s very smell, but it-mey
become Iimportant in the case of-tallless alrplanes.

Yawing momentg from the vertical tall.— The verticsal tail is
designed to—overcome the unstable yawing momsents contributed by the
propeller, wing, and fuselage. The yawing moments produced by the
vertical tall may be estimated from the following formula:

%@; | arfi?
- QEXB_C_’D) quTl (38)
0B8/\ da T

In practice the guantities entering intc this formula are dlfficult to
estimate accurately. The principal source of error ls the determination
of the area and effective aspect ratio of the vertical taill. Inasmuch
as tests have shown that the portion of the vertical tail located behind
the fuselage contributes very little to the directional stability, it
appears desirable to base these quantities only on the portion of the
vertical tail located above the fuselage. The aspect ratio of the
vertical tall should be increased by a factor ranging in value from 1.2
to 1.5 to take into account-—the end—plate effect of the horizontal tail.

R

Ny
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The sidewash and dynamic presgure at the vertlcal tall must also be
estimated. The sidewash and dynsmic pressure that exlst in the propeller
slipstream may be determined from various theoretical or experimsntal
data. Interference effects from the wing and fuselage also have a large
effect on the sidewash and dynamic pressure at the vertical tall. Thess
effects are dlscussed in reference 25. Wind—tunnel tests have shown
that a favorable sidewash factor %% as large as —0.4 may exist for
low-wing airplanes. On the other hand for high-aring alrplanes an
unfavorable sidewash factor of 0.6 has been measured. Tests of powered
models of sctusl alrplanes have generally shown much smaller sidewash
effects. The average favoraeble sldewash for low—wing models seems to

be approximastely —0.1l, to which the propeller sidewash should be added.
The dynemic pressure-at the tall may be assumed equal to that in the
propelier sllipstream for airplianes with clean canopies, but for airplanes
with poorly shaped canoples the verticel tall area in the wake of the
canopy must be assumed to be relatively ineffective.

Deslgn Considerations for Preventlion of Rudder Lock

The yawing moments contributed by the fuselage, propeller, and
vertical tall may increase with sideslip somewhat as shown in figure 32.
The yawlng moment given by the taill does not lncrease beyond about 15°
sldeslip because the tsll reaches the stsll angle and also emsrges from
the slipstream, whereas the yawing moments glven by the propeller and
fuselage continue to increase all the way to about a 45° angle of
gldeslip. For this reason the airplans mesy become directionally unstable
at large angles of sideslip even with the rudder flxed. With rudder free
the directional stabllity will be further decreased because when the
vertical tall stalls the rudder alwsys has a large tendency to float with
the relative wind no matter what type of balance is used. (See reference 26.)
A large emount of directional stabllity must be added at large angles of
gideslip so that the rudder deflection required to hold the airplane in
a steady sideslip will exceed the angle to which the rudder tends to float.
One method of msking the fuselasge stable at large sngles of sidesllip was
polnted out previously in the discussion of fuselsge yawing moments. This
method consisted of the additlion of small sharp—edge fins glong the resr
portion of the fuselage. These fing, known as dorsal or ventral fins,
have proved very successful in elimlnating rudder lock on many actusal
airplanes. Another method that has heen proposed to prevent rudder lock
conglists of placing vertical tail surfaces at the tlps of the horizontal
tail. These surfaces tend to preserve the directionsl stablility up to
larger angles of sideslip because they remsin In the slipstream longer.
Wind~tunnel tests showing the effect of dorsal fins and of end plates on
the horizontal tail on the yswing moments of a typical single—engine
fighter airplane sre shown in flgure 33. Note that the curves pass
through zero because of the use of contrarotatling propellers. With
single rotation, the curves for power-on conditlions are displaced at
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zero glideslip, and thus rudder—force reversal 1s caused at a stlll smaller
angle of sideslip in one direction (normelly in right sideslips).

Dihedral Effect

Requlrements.— The dihedral effect as indicated by the variation of
alleron angle wlth sldeslip 1n steady sidesllps should be such that up
alleron is required on the leading wing. The variastlion of alleron angle
with sideslip should be approximately linear. The variatlon of alleron
force with sideslip angle should be such that the stick will tend to
return toward ilts trlm positlion at zero sideslip when it is released.
This requlrement 1s equlvalent to stating that the dihedral effect shall
be positive with stick fixed or stick free.

The maximim allowable dihedral effect ls specified indirectly by the
following requirements:

(1) When the sirplens is displaced laterally and the comtrols are
released, the resulting oscilletion shounld damp to one-half amplitude in
less than 2 cycles

(2) The rolling velocity in a roll made with rudder fixed should
never decreasse to zero as a result of the sldesllp produced in the roll

The foregolng requlrements for the maximum allowable dihedral effect
are rather lenlent and a more severe requiremsnt should possibly be
provided. Some alrplanes with large dihedral effect and low directlonal
stablllty have proved obJectionable becguse of the violence of the rolling
motion caused by small movements of the rudder in high-speed flight.

Further research is required before a definlte requirement can be formilated
to cover thls condition.

Definitlon of effective dihedral.— The geocmstric dlhedral angle 1s
defined as the angle, as seen in the front vlew, between the wing panels
of an airplane end the spanwlse axls of the airplane. The effectlve
dihedral angle msy differ from the geametric dilhedral angle because of
the Interference effects of the fuselage and propellexr slipstreem. The
effective dihedral of an alrplanse 1s defined as the number of degrees
of geometric dihedral that would be required on an isclated wing of the
same plan form to glve the seme varlation of rolling-moment coefficlent
with sldeslip. The effectlive dlhedral 1s taken on the basls that 1t 1s
congtant from. the root to the tip of the wing. Thus, a wing'with tips
up—turned at a 45° angle might have about 10° sffective dihedral.

The varlation of rolling moment with sldesllp per degres dlhedral
for wings of varlous plan forms and aspect ratlos has been determined
theoretically and msy be obtalned from varlous papers, such as reference 27.
For an aspect ratio of 6, 1° of effective dihedral corresponds to a
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oC
value of -Sﬁl’ ths variation of rolling—moment coefficient with sideslip

angle, of 0.0002 per degres.

Influence of wing location, power, and sweepback on effective dlhedral.—
Ordinarily a high-wing arrangement has sbout 3° more effective dihedral
than geometric dihedral. A low-wing arrangement has about 3° less effective
dihedral than geomstric dihedral.

The effectlve dilhedral on a tractor—type alrplane frequently decreases
with the applicatlon of power. Thls condition ls most marked in the
climbing condltion with flaps down at low speeds because in this condition
the ratioco of dynamic pressure in the slipstream to free—stream dynamic
pressure 1s highest. The reason for the decrease In effective dihedral
with power is illustrated in figure 34k. The decrease in dihedral effect
is caused by the addltional 1ift developed by the trailing wing when the
slipstream, which is deflected in the sideslip, covers a larger aresa of
that wing. The 1ift resulis in a rolling moment tending to relse the
trailing wing. Because of the increase in the thrust coefficient as the
speed is decreased, the effective dihedrsl in power—on conditions of
flight becomes progressively more negative (unsteble) as the 1ift coeffi—
cilent increases.

A wing with sweepback is found experimentally ‘to have a positive
dihedral effect that increases in proportlon to the 1lift coefficient. This
effect may be used to offset the decrease in dihedral effect due to power.
A typlcal example of the varilation of effectlve dlhedral with 1ift coeffi-
cient for an alrplans in the power—on condltlon is glven 1n flgure 35.

The beneficlal effect of a relstively small amount of sweepback in avoiding
negatlve dlhedral effect at high 1i1ft coefficlents 1s shown. With flaps
down sweepforward or sweepback of the hinge lline of the flaps rather than
the quarter—chord line of the wing sections 1s the important factor in
determining the dihedral effect. The difficultles encountered with large
positlive dihedral effect in high-speed flight have been mentioned previously.
It is therefore very desirable to reduce as much as posslble any increase
of dihedral effect with increasing speed. Experience has shown that
negative dihedral effect at low speeds is less serious than excesslve
poslitive dihedrael effect at high speeds. Though sweepback is beneficlal
in offsetting the decrease in dihedral effect dus to power, sweepback of

a wing even in small emounts 1s usually detrimental to its stalling
characteristics.

The use of a large smount of sweepback (that is, 30° or more) on
Jet—propelled sircraft for the improvement of performesnce at transonic
and supersonic spesds generally produces very large positlve dihedral
effect at high 1ift coefficlents. The increase 1in dihedral effect with
1lift coefficlent and with sweepback may be estimated qualitatively by
calculating the 1ift on the left and right wings on the assumption that
the component of veloclty normal to the leadlng edge 1s responsible for
the 1ift of the wing. The predictions based on this theory are in fair
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agreement with experiment so . long as the flow on the wing remains.unstalled.

With large sweep angles, however, flow separation may start et relatively
low angles of attack, and the dihedral effect obtained under these
conditions increases with l1ft coefficlent Tess rapldly thaen predicted by
the theory. Tests of sweptback wings with sharp leadlng edgee have shown
that the dlhedral effect changes from positive to negative values at
moderate 1ift coefficients » @8 a result of stglling of the leading wing.
Quantitative data on the dlhedral effect and other aerodynemic- character—
istics of swept winge may be found in reference 28 and -many other papers.
High dihedral effect-at high 11ft coefflclents or low flight speeds is
not so obJjectlonable as it would Dbe’at high gpeeds, and acceptable flight
characteristics may be obtained provided thdt the directional stability
ls also fairly large and the aileron effectlveness is normal.

Measurement of effective dihedral in flight.— From the variatlon of
alleron angle with sideslip measured in steady sideslips the variation
of rolling moment with sideslip or the dihedral effect may be determined,
provided that the varlatlon of rolling-moment coefflcisnt with aileron, -
deflectlon is known, by means of the formula i

%, 35, 3,
38 0B 05, -

(39)

The variation of rolling—moment coefficlent with alleron angle may—
be obtained from flight measurements of the rolling veloclty by means

of the formula
(22
= - (ZV) (40)
Sa p O8g

The demping in roll Clp may be obtained for wings of various plan forms
from theoretical calculatlons. The value of CZP is between 0.4 and 0.6
for unswept wings of normal aspect ratios.

AILERON CONTROL CHARACTERISTICS

Requirements for Satisfactory Aileron Control

Early research on lateral—control devices was concerned mainly with
jmprovement of the lateral control of the airplane beyond the stall.
Attempts were made on the basle of thls work to set up requiremsnts for
satlgfactory alleron control characteristics. One proposed criterion
stated that the ratio of rolling-moment coefflcient to 1lift coefficient
should exceed & certain valus. Thig crilterion would in effect require
an alrplane to have a rolling velocity that varled lnversely as the

/
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airspeed. Moasurements of flying qualities . .of nmumsrous alrplanes have
shown that a criterion of this type does not conform to the pillotst
opinions of sa‘bisfac‘bo:r'y rolling performance. With conventlional allerons
the rolling veloclty obtainsd w:l:bh a.glven aileron deflectlon lncreases
in proportlion to the speed. The reason for this increase is that the
allerons "introduce an effective twist into the wing that causes the
airplens to roll essentlally on a geometric helix., In a steady roll with
a glven alleron deflection, therefore, the alrplame alweys rolls through
the same ' snglse of-benk In 'braveling a8 glven distance no matter what the

\

The conc'ep’b that the a:l:cpla'b.e describes a helix when it rolls has
led to thé practice of specifylng the rate of roll in terms of the helix

' . generated by the wing tip. The tangent of this helix angle 1is given by

the expression pb/2V as shown in figure 36. In practice 1b/2V 1s of
the order of 0.1l or less so that 1t is sufficlently accurate to conalder
the tangent equal to the angle expressed in redians. For thils reason,
pb/2V is generally called the helix angle.

Flight tests of numerous ailrplanes have shown that pilots demand &
higher rolling velocity as the spesed 1s increesed and they also require
that a small alrplane should be-'able to roll faster than a larger alrplans.
These observations lead to the conclusion that the rolling abillity of any
airplane will be considered satisfactory by pilots if the value of pb/2V
is greater than a certaln amount. Tests have shown that the rolling
abllity of an airplane 1g conglidered setisfactary when the value of p‘b/EV
exceeds 0.07 radian. (See reference 29.) Thils criterion is consistent
with logical design of the airplans, because geometrically similar wing—

. ailleron arrangements of dlfferent sizes with a given aileron defilectlon

will have the same hellx angle independent of size or airspeed. If a
glven rolling velocity were requlred to satisfy the pllots, the aileron
proportions would have to increase rapldly with the size of the airplane.

With an aileron control system in which the allerons are directly
linked to the control stick, the pllot 1s generally umsble to obtain
full deflection of the allerons above some definite speed because the
stick force required becomes too large. For normmilitary asirplanes the
requirements state that full alleron deflectlion should be obtainable
wilth 30—pound stick force or 80—pound wheel force up to 0.8 times the
maximm level~flight speed. Combat experience with miiltary airplanss
has emphaslzed the Importance of rolling ability in both normal £light
and high-speed dives. The present Army and Navy requirements, therefore,
speclfy that large values of _p'b/ZV‘ or rolling velocliy should be
avaeilable up to the maximm diving speeds of fighter—type airplanes with
the stick force not exceeding 30 pounds. The Army and Navy requiremsnts
also specify a value of p'b/EV’ conslderebly greater than 0.07 for low—
speed or crulsing flight in order to provide for roliing ability greater
than that desired simply on the basis of sabtisfactory handling
characteristics.
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In addition to the previously stated requirements for aileron
effectiveness and stlck force, the following regquirements must be satlsfied:

(1) The aileron force and rolling velocity should vary approximately
linesrly with alleron deflectlon and the gtick force should be sufficilent
to return the control to neutral when the stick is released

(2) The rolling acceleration should always be 1n the correct dlrectlon
and should reach g meximum value no more than 0.2 second after the allerons
are deflected; thils requirement haes always been mst by conventional ailerons
but certaln types of spoiler ailerons have proved unsatisfactory because of
excessive lag or initiel reversal in thelr action

Typicel Alleron Control Charecteristics

If the allerons are suddenly deflected an alrplane ordinarily reachss
its steady rolling veloclty very raplidly. For thls reason only the stesady
rolling veloclty is considered in the requlremsnts for alileron effectiveness.
If the rudder is held fixed during the roll, the rolling veloclty may
decrease after 1t reaches the maximm because of the sldeslip developed
during the roll., Any sldeslip in conjunction with the dihedral effect of
the alrplane introduces a rolling moment opposite to that given by the
allerons. If. the rudder 1ls used to maintaln zero sideslip, the rolling
veloclty may contlnue to Increase during the roll because of the rolliing
moment due to yewing veloclty. Typilcal tims histories of rudder—fixed *
rolls are given in figure 37. Although in normal flight the rudder 1is
coordinated with the ailerons to avoid excesslve sideslipping, tests
for alleron control characteristics are usually made with the rudder
fixed 1In order to obtain a maneuver that can be reproduced.

The veriaetion of aileron effectiveness with speed 1s ordinsrily
similar to that shown in figure 38. This dlagrem shows that with a
rigld wing a constant—velue of pb/EV should be obtained at all speeds
with full aileron deflection. In practice, however, the allerons cause
the wilng to twilst—1n such a way as to reduce the rolling velocity, until
at some very high speed, known as the alleron reversal speed, the wing
twist completely offsets the effect of alleron deflectlon and the
allerons fall to produce rolling velocity. The alleron reversal speed
should, of course, be well above the maximum diving speed of-an alrplane.
A method for estlmating the alleron reversal speed is given in reference 9.
Figure 38 also shows that some loss in aileron effectiveness may be
oexpected. near the stall because of reductlon in the rolling moments given
by the ailerons and because of the Increased sideslip reached In rolls
at low speed. With a glven stick Fforce the pllot can fully deflect the -
aillerons up to some definite speed but at higher speeds the aileron
deflection is reduced because of the high stick forces, hence the
value of pb/2V is reduced. This reduction is illustrated in figure 38. -

With a glven alleron confilguretion end conventional types of alleron
balance, the alleron performence at low speed may be lmproved at the
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expense of high-speed characteristics by increassing the alleron travel
while keeping the same stlck travel. Conversely, the alleron effectiveness
at high speeds may be improved at the expense of low—speed rolling ability
by dscreassing the aileron travel while keeping the sams stlck travel.

These effects are shown in flgure 39. With increased alleron trevel, the
valuse of pb/2V Tor full aileron deflection is increased but the speed
above which the pllot is unable to obtain full aileron deflection is
reduced because of the reduced mechanical advantage of the stick over thes

~2" P,
a11erons.

Calculation of Rolling Effectlveness

The value of pb/2V attalnable with a given slleron deflection and
with given wing and alleron dimensions can be calculated accurately enough
for design purposes. The rolling veloclty may be estimated wilithin
about 10 percent for conventional types of allerons in unstalled flight.
The calculation 1s based on the assumption that in a steady roll the
rolling moment due to the allerons ls egusl to the dampling moment in
roll

L = Ip = Oz (%)qu . (b1)

The damping moment is caused by the Increased angle of attack on ths
downgoling wing and the reduced angle of attack on the upgoing wing.

Formuls (41) shows that this moment 1s proportional to the helix angle,

the dynamic pressure, and the product of area and span of the wing. IT
formula (41) is expressed 1n coefficlent form, the following result is
cbtalned:

1= 01, () ¢

The damping-momsnt coefficient C 1s a functlon only of the wing
ip

plan form,.,- Its value has been calculated theoretically and may be found
in reference 27 as a functlon of wing aspect and taper ratios. The

value of pb/EV may be readily calculated if the alleron rolling-moment
coefficient ls known. This quantity may be determined from wind—tunnel
teats or may be determined with equal accuracy from ths alleron dimensions
by the following procedure. The aileron rolling-moment coefficient may
be expressed in the form

a

C
1y = 00 (22) (3)

oC
where the coefficient Gy 1s equal to a—al and the value of T 1s the

=%
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ratlo of the variation of sectlon 1ift coefflcient with alleron deflection
to the varilation of section 1lift coefficlent with angle of attack. Notice
that the symbol T 18 equivalent to the symbol Xk wused in reference 27. "

Ci
The value of TS represente the rolling—moment coefficient that would be

glven by a wing if the spanwlse part that includes the allerons were twisted
1 radian. When this quantity is multiplied by T +the rolling-moment
coefficient i1s reduced to correspond to 1 radien of alleron deflectlon.

c
The wvalue of -%5- may be found in reference 27 as a function of the wing

aspect and taper raetios and of the spamwlse location_of the aileron. The
value of T may be obtailned from section data but more accurate calculations
nmay be made by computing from valuss of pb /EV measured in flight a value

of 7T for allerons of a type simllar to those under conslderation. A
somewhat more exact procedure for calculating the value of pb /EV' is given
in reference 9.

Amount of Alleron Balance Requlred for

Satisfactory Characteristlcs

The followlng exsmple l1lliustrates the degree of aerodynamic balance
requlred for allerons on alrplanee of varlous sizes. Conslder a fighter— .
type alrplane with the dimensions shown in figure 40. The value of pb/EV'
reached with 15° alleron deflection may be calculated as follows: For
20—percent~chord plain asllerons, assume that T = 0.4. From reference 27:

C = 0911'6
Ip
T - 0.3

From formula (43)

Cy = =2(0.3)(0.4) = 0.031k

&  57.3
From formulas (42)
Db _ 0.03L% _ | -
~ " ohe " 0.068 radian

The stick forces are calculated by assuming that plain allerons with no
aerodynamic balance are used. The followlng typical values are assumed
for the hinge-moment— parameters:
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-0.007

Chg

Chd. —0.003

Assume 9 iInches stick travel i1s required to deflect each ailleron 15°.

The force required per aileron is then determined from the alleron hinge
moment as follows:

FAXy = EABg (L)
9y _ w15

F(E) B H(57.3
F =035 K

The hinge moment is glven by the equation

E = (m On + ABg Cha)q_bacaz (45)

where An 1s the change In angle of abtack at the alleron caused by the
rolling velocity. This change In angle of attack at the wing +tip 1s
equal to the value of p‘b/EV . The change in angle of attack at any
point on the alleron may be calculated by multiplying pb /EV' by the

1
ratio %, where b 18 the distance from the longitudinsl axlis to

this ‘point on the alleron eand b 18 the wing span. More complete
analyses, such as that given in reference 11, have shown that a point
near the Inbosrd end of the alleron should be used to glve the best
average messure of the angle—of—settack change.

In the present example

- Pb 2ht
Am—zv_ 5

28
(0.068) o

= 0.048 radian or 2.8°

where D' is the distance from the longitudinal axls to a point on
alleron 0.7 foot from the inboard end. From equatlion (45), the hinge
moment on the fully downward deflected alleron is
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H = [3—2.8)(—0.003) + 15(—0.00Tﬂ q_(6.7)(l)2 = —O.OOOT'TV2 foof—founds
where V 1s in feet per second.

The vaeriation wilth airspeed of stick force to deflect two allerons
1s therefore as ghown in figure 41. With plain allerons, full deflection
cannot be reached with 30 pounds stick force above 158 miles per hour.
Above this speed, the deflection and hence the valus-of pb/EV vary
inversely as the square of the speed.

In order to meet the present Army or Navy requirements for alleron
control at hligh speed, the ailerons on an alrplane of this size would have
to be merodynamically balanced to reduce the hinge moments to about 1/3 of
thoge for a plain aileron, even with the +15° deflection range that was
assumed. The alleron deflection range would, however, have to be
increased to #19.5° to meet the low—speed requilrement of a value of pb/EV
of 0.09. The mechanlcal advantage of the control stlck would therefore
be reduced and the hinge moment for full deflection increased and a still
closer degree of balance would be required for satisfactory high-speed
characteristics. : .

Consider next a large bomber of 2L40—foot span, assumed to have a
wing—ailleron srrangement geomstrically similer to that of the flghter
alrplane discussed previously. If a stick—type control is assumed, the
mechanical advantege of the stick over the alleroms will remein the sams.
If plain, unbalanced allerons are again assumed, the only gquentity in

the equations that changes i1s the product bacaz. This quantity 1s

3 .
multiplied in the ratio <%%g> or 63 which equals 216. By use of a wheel—

type control, the pilot's mechanical advantage may be increased sbout

60 percent, so that the forces would be multiplisd by ilgo

order of magnitude of the wheel forces i1s indicated in figure L2.

or 135. The

A very close degree of balance of the ailerons (approx. Cng = —0.0001L4
and Cha = 0.00000, for example) would be required to reduce the wheel

forces to acceptable limits. In practice, this degree of balance is
unsttainable because minor differences in the contours of the ailerons,
within production tolerances, can cause verlations in Cpy and Cpgy

of £0.0005. Some type of servo or booster control 1ls therefore required
for adequate control of an girplane of this size, or even for one of
conglderably smeller size. The sllerons should be aerodynamicelly
balanced as far as possible, while a definite force gradient-is still
maintained, 1n order to reduce the power reguirements for the booster.

Notes on Aileron Balance, Frise Ailerons, and Spollers

The example given previously showed that the change in engle of
attack at the alleron during the roll was about 1/5 the change in alleron
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deflection. A glven change in the value of _Cha will therefore have

only 1/5 as much effect on sileron forces ss the same change in the value
of Cha- The alleron control—fesl characteristics are not markedly

affected by the ratio of the values of Chm and Ch6 although when Cpnq

is positive, the control force required to suddenly deflect the allerons
will be lighter than the flnal force reached 1n a steady roll; whereas
when the value of Cha 1s negative, the opposite will be true. All the

types of control-surface aerodynamlc balance discussed previously have
been successfully eppiied to aileromns.

Certain additional means of providing aerodynamic balance for ailerons
have been frequently used. These methods depend upon balancing the system
consisting of the two allerons and their connecting linkage rather than
balancing each aileron indlviduslly. In the case of one frequently used
type of alleron belance, called the Frise aileron, ths upgoing aileron
is overbalanced and therefore helps to deflect the downgoling alleron.

In using thls arrangement the control system must be very rigid so that
the upgoing aileron will not deflect to excessively large angles and
cause the system to overbalance at high speeds. A differential linkage
ls frequently employed in conJunction with Frise—type allerons as wsll

as wilth other types of allerons. With this arrangement the upgoing
alleron deflects through a larger range than the downgoing alleron. If
both the ailerons have an up—floating tendency, (trailing edge tending to
go up) the differential linksge will result in reduced stick forces.

The use of spoller—type allerons has heen proposed to permit
increasing the span of the landing flaps, thereby decreasing teke—off
and lending speed wilithout sacrificlng aileron performance. The hinge
moments of spoller—type ailerons may be erratic unless care 1ls taken to
use a deslgn that develops very small hinge moments. One successful
gspoliler arrangement incorporated s thin circular—src spoiler which
develops small hinge moments, in conjunction wilth a small conventional
ailleron to provide the necessary control forces. The spoiler should be
located far back on the chord in order to avoid undesirable lag in its
action.

Adverse Alleron Yaw

Use of the allerons to produce a rolling moment =zlso introduces a
yawing moment for two reasons. When the allerons are first deflected
the induced drag on the slde of the downgolng alleron 1s lncreased and
that on the side of the upgoing aileron ls decreased. Ths differsnce
in Induced drag causes a yawing moment. When the ailrplane starts to
roll the 1lift vectors on the downgolng wing are inclined forward and
those on the upgoing wing are inclined backward. A yawing moment 1s
therefore introduced called the yawing moment due to rolling which is
in the same direction as the yawing moment due to the allerons. These
two yawlng moments tend to swing the nose of the ailrplane to the right
in a left roll and vice versa. The change in heading is in the opposlte
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direction from that desired and thls effect—has therefore been called

adverse alleron yaw. An addltional yawing moment due to the profille-drag .
differences on the left and right wings when the allerons are deflected 7
mist also be added tothe induced yawing moment and the yawing moment due

to rolling mentloned previously, but this profile—drag difference is

relatively small for conventlonal allerons. With spoiler—type ailerons

the profile—drag differences may Introduce an apprecilable favorsble yawing

moment.~ Even when spoiler allerons are used, however, at high 1ift

coefflicients this favorable moment 1s generally smaller than the sum of

the adverse yawing moments due to Induced~drag differences and dues to

rolling. ) ’ ’ ’ o

The adverse alleron yawing moment—in a roll masy be calculated by
adding to the yawing moments mesasured in a wind tunnel the yawing moment
due to rolling. The yawlng moment due to rolling may be determined as a
function of wing plan form by methods from reference 27 and other papers.
If wind—tunnel data are not avallable, the induced alleron yawlng moment
may be found from theoretical calculatlons in reference 30. An gpproxi—
mate formule for the adverse alleron yawing—moment coefflcient is as
follows: )

Q

L b

C,, = — BB 46 >
n =g & (46)

This formula, which is accurate within X5 percent for ordinary wing plan »

forms, glves sprroximately the sum of the yawlng moments due to Induced
drag and due to rolling. The adverse alleron yawing moment is directly
proportional to 1ift coefflcient.

Requirement for Limits of Yaw due to Allerons

Since undesirable heading changes occur in maneuvers because of the
effects of aileron yaw if the directional stabillty of an alrplane 1is too
small, a requirement in the handling—qualities specifications has been
provided to set an upper 1imit on the sldeslip reached 1in rolls. This
requirement states that the change in sidesliy occurring Iin a rudder—
fixed roll made. with full alleron deflection at 1.2 times the stalling
speed should not exceed 20°. It is important that this degree of stability
ghould be obtalned at small sideslip angles In order to limit inasdvertent
gidesllipping which causes hesdlng changes in maneuversg lnvolving small
alleron deflectlions such as those used in flylng through rough air. Also,
it 1s important to avold large amounts of sldeslip In high-speed flight,
as discussed in the followlng sectlon. Thus, in a roll with 5 percent of -
full aileron deflection, the sideslip should not exceed 1°. With
conventional types of allerons the designer can do little to reduce the
adverse alleron yaewlng moment. The rudder—filxed directlonel stability of .
the alrplane must therefore be made sufficiently great to meet the above
requirement., In flight tests, this requirement—can be checked more
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convenlently by rolling out of a 450 banked. turn, so that excessive angles
of bank ere not reached before the maximum gideslip 1s attained.

Rolling Masnsuvers Iln Accelerated Flight

When an airplane is rolled out of a pull—out or out of an accelerated
turn, the values of pb/2V, 1ift coefficient, snd alrspeed may all be
relatively large. The aileron yawing—moment coefficlient will therefors
be large, as shown by formula (46). The amount of sideslip developed
in a rudder—fixed roll at high speed In this type of mansuver may therefore
equal the amount of sideslip developed in a roll from straight £light
near the stalllng speed. Reference 31 indicates that because of the high
speed, the loads lmposed on the vertical tall may be exceptionally large.
The provision of adequate directlonal stabllity, especlally at small
angles of sldeslip, In order to prevent excessive sildeslipping in rolls
at high speed 1s therefore Important from structurel considerations as
well as from the standpoint of providing desirable flying qualitiles.

STALLING CEARACTERISTICS
Requirements.for Setisfactory Stalling Characteristics

Conventional sairplanes are unable to f£fly I1f the flow on the wing
has completely stalled. In setting up the requirements for satisfactory
stalling characteristics the fact that normel conbtrol characteristics
cannot be maintsined beyond the stall has been considered. The purpose
of the requirements 1is, therefors, to prevent Inadvertent entry into a
stalled condition of flight and to assure recovery from a stalled
condition if the pllot stalls the airplane intentlionally.

The requlred characteristics are as follows: TFirst, the approach to
a complete stall should be unmistskable te the pilot. Any of the following
characteristics are consldered to constitute satisfactory stall warning:

(1) Marked buffeting or sheking of the alrplane or control system

(2) Merked rearward motion of the conmtrol stick or increase in pull
force required to stell the alrplans

(3) Sufficiently slow development of instebility

(4) A mechanical warning device may be used, in the event that inherent
stall warning is not present

Second, it should be possible to effect a prompt recovery from a completes
stall by normal use of the controls. Finally, a desirable characteristic,
although not required, 1ls that the rate of roll of the alrplane aftexr

the stall should be low. '
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Discussion of Typical Stalling Characteristics

Flight tests have been msade by the NACA to determine the stalling
charascteristics of many different airplanes. In these tests measurements
were made of the control motions, accelerations along each of the three
axes, angular velocities about each of the three axes, angle of sideslip,
and airspeed. In some cases the progression of the stall on the wing
has been visuallzed by means of tufts. Many different types of stall
behavior have been obgerved. In some cagses & violent roll without any
form of warning occurs at the stall. In a fighter—type alrplene the rate
of roll has in some cages exceeded 90° per second. In other cases vioclent
oscillatory motion occurs in which the alrplane rolls, pitches, and yaws
through a falrly large amplitude In an erratic fashion. This type of
stall is not so dangerous as the firstmentioned type but is, nevertheless,
congldered unsgtlsfactory 1f the vlolent motlon occurs without warning.
In some other cases, violent bhuffeting of the alrplane occurs several
niles an hour gbove the minimm speed and full up elevator may be applied
wilthout causing the sirplasne to roll. This type of stall behavior is
considered satisfactory. Another type of motion at the stall consists
of* a gradually increasing oscillatlon in roll snd pitch that, - if allowed
to continue, may eventually cause the alrplane to roll, on its back. This
type of stall is consldered satisfactory 1f the pllot has time to epply
corrective action before the amplitude of the motlon becomes excessive.

The stalling characteristics may be markedly different in different
conditions of power and flaep setting. They may be also affected to a large
extent by minor changes in configuratlon, such as change in cowl-flap
position. A stall made from a high-apeed, turn is frequently more violent
than a stall made Ffrom straight flight because of the Iincreased asro—
dynamic moments acting on the stalled alrplanse.

Influence of Varlous Design Factors
on Stalling Characteristics

The stalling characteristics of an alrplane cannot be accurately
predlcted by any available methods. The uncertainty in the prediction
of stalllng characteristics is due partly to the large number of variables
which may influence these characterlstics and partly to the lack of an
adequate theoretical treatment of phenomens involving flow separation.
A few genersl statements with regard to the present knowledge of stalling
characteristicas will be glven In the followlng paragraphs. In any
individual design, however, other factors than those considered may have
a large effect on the stalling chareacteristics. A summary of full-scale
wind—tunnel studies of stalllng characteristics is gliven in reference 32.

The progression of the stall on the wing is usually considered to be
of primasry importance In determining the stalling characteristics. If
the stall starts first at the tip and progresses inboard, the type of
stall characterized by a violent roll withoubt warning is likely to result.
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A violent roll ls caused becatrise the region of stalled flow is at a large
distance from the alrplans center line and, therefore, exerts a large
rolling moment. As soon e&s the alrplane starts to roll, the angle of
attack on the downgoing wing is increased farther beyond the stalling
angle while that on the upgolng wing ls decreased. As a result the
downgoing wing is completely stalled while the upgolng wing remsins
unstalled. The large rolling moment produced by this asymmetric-flow
condition may be accompanlied by a large yawing moment which will tend

to cause the alrplane to enter a spin., Stall warning is likely tc be

abgent because the stalled flow does not strike the tall of the airplane.
Alleron control may also bhe lost because of the stalling of ths flow over
the allerons. Initial stalling of the wing tips is llkely to be caused
by a high degree of taper or by the use of sweepback. .In the case of

a tapered wing, the induced veloclity at the wing caused by the tralling
vortices increases the effective angle of attack of sections at the tip
and decreases the effectlive angle of attack of sectlons at the root.

The tips therefore stall first unless the tip alrfoll sectlons are
designed to have a higher stalling angle than those at the root.

Sweepback has a gimilar effect in promoting tip stalling. The flow
fisld about the wing creates an induced veloclty and also an induced
camber at the tip which tends to promote +tip stalling. In addition,
the boundary layer tends to flow toward the tip, which helps to prevent
seperation at the inboard sections.

A stall which starts at the wing root and progresses symmetrically
toward the tips 1s usually considered heneflicial. This type of stall
mgy provide werning in the form of buffeting because fluctuatlons in the
flow occur at the tall over a reglon approximately twlce as wide as the
region of reduced dynamic pressure in the weke. Furthermore, the large
losg of 1ift at the center portlion of the wing may result in a decrease
in downwesh at the tall. A large nosing—down moment will result and a
marked Increase in up—elevator deflectlion or a pull force on the stick
will Dbe required to maintaln trim. The small moment srm of the stalled
area contributes to a low inltial rate of roll and the aileron control
may be maintained.

Initlal stalling of the wing root is promoted by use of a wing of
rectangular plan form or by sweepforward. The induced velocitles and
boundary—layer effects are then opposite from those of the tapered and
sweptback wings.

Some factors which may be overlooked 1n commectlon with stalling
characteristice are as follows:

(1) On e large sirplsne a stall at the wing root may be unsatisfactory
because of excesslvely violent buffeting of the tall.

(2) The wake from a wing stalled at the root mey blanket the vertical
tail. As a result rudder control may be lost and the airplane may becoms
directionally unstasble. This instaebllity in combinatlon with the high
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offective dihedral of a stalled wing may result in a violent directional
divergence and roll.

(3) "Stability" of the stall pattern is important. In other words,
several degrees change in angle of attack should be required for the
stall to progress from the root to the tip. IP only a small change in
angle of attack is required to cause the whole wing to stall, then as
goon as the sirplane starts to roll the increassed angle of attack of the
downgolng wing wlll cause thls wing to stall and a violent roll will
result. If steblllity of the stall pattern is attained by means of "wash-
out”™ of the wing tips, a loss in maximm 1ift coefficient will necessarily
result because not all portions of the wing wlll reach thelr maximum
1lift at the seme tlme. Stabllity of the stall pattern may, however, be
rrovided by use of slots on the outer portions of the wing. These slotls
increase the maximm 11f%t coeffliclent at-these statioms. Thiles procedure
willl not result in eny loss of maximum 1ift coefficlent.

(4) If the wing stalls firet at the trailing edge of-the wing root,
the spread of the stall to the leading edge rather than outboard on the
wing is beneficial. Thisg characteristic causes a large loss In 1ift
as the angle of attack is increased which will cause the girplane to
pitch down rather than to roll.

It is possible for some alrplanes to have good stalllng characteristics
even though the tip sectlons gtall first. These deslrable characteristics
are usually obtalned by the use of an alrfoll sectlon at {the tip which
has a so—called flat—top 1lift curve. With thils type of 1lift curve the
girfoil meintaing its 1ift beyond the stall and as a result large rolling
moments are not applied to the airplans., Thin highly cambered sectlons
with small leading-edge radil generally have 1ift curves of this type.

Plight Conditions Leading to
Ingdvertent Stalling

The hendling charscteristics of an airplane at speeds above the stall
may have a decided effect on the danger of lnadvertent stalling. A largs
pltching moment due to sidesllp ls undesirable because the pllot has wvery
little ability to Judge the amount of sildesllip exlisting in flight at low
speed, and because changes 1ln sideslip such as those occurring In a roll
out of a turn in the landing approach may result in pitching moments
sufficient to stall the airplame. Longlitudingl instabllity in the landing-—
approach conditlon also increases the danger of lnadvertent stallling
because the elrplane will tend to stall by ltself unless the pilot applies
increasing push forces to the stick. Directional lnstability may result
in inadvertent large sldesllip angles while rolling Into or out—of turns.
The meximum 11t coefficientmay be considerably reduced at these large
sldeslip angles, and the alrspeed meter mey give false iIndications, so
that the alirplane may stall at indlicated speeds et which it would normally
remain unstalled. ' o .
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The formation of ice on the leading edge of the wing or on the
retaining strips of delcer boots may have a serious sdverse effect on the
stalling charsascterlstics of an alrplans end may glso greatly reduce the
maximm 1ift coefficlent.

Ground Looping

Ground. looping and stalliing characteristics are closely related.
Ground looping difficultles have generally been caused by large yawing
and rolling tendencies caused by an unsymmetricel stall on the wing of
an eirplsne while 1t is in the three—point attitude. The ground angle
of an alrplans with a conventional landing gear should be "approximately 2°
less than the stalling sngle in order to avoid this difficulty. Ths use
of & tricycle landing gear usually ellminates this trouble.

CONTROL-FREE STABILITY OR SHORT -
PERIOD OSCILLATIONS

Requiremsnts for Longitudlnal Motion

If an alrplane which has static longitudinsl stability is disturbed
from a trimmed conditlon and then allowed to fly for a long perlod with
the controls elther fixed in the trim position or free, it will normalily
perform a motlion consisting of two types of oscillstlons. A short
oscilletion, which gensrally damps out within 1 or 2 seconds, occurs
Immedigtely after the disturbance. A long~periliod oscillation then
occurs which consists of a grasdusl Iincrease and decrease of speed about
the trim speed with a corresponding varistion 1n the altitude of the
airplane. This long—period osclllation, called the phugoid oscillation,
has a perlod given approximately by the formula: period ln seconds
equals one—quarter times the veloclty in miles per hour. The period is,
therefore, of the order of a minute for high-speed alrplanes in cruising
flight. Because the perlod is so long the pilot has no difficulty in
controlling the oscillation and causing it to demp out. Tests have
shown that the damping of the phugold oscillatlion has no correlation
with the pilotts opinion of the hendling qualities and, therefore, no
requlrements are specified for its damping. In many actual alrplanes,
thls ogcillation is unstable.

If the controls are held fixed following a disturbance, the short—
perlod oscillgtion always demps out s0 rapidly that it is difficult to
detect. With the controls free the short—period ogcillatlon generally
damps out very rapldly, but in some cases the pitching motion of the
alrplane may be coupled with the oscillations-of the elevator to cause a
violent unstable oscillaebion. The period of this oscillstlion varies
inversely as the speed and 1s generally about 1 second in high—speed
flight. If the oscillation does not damp out, it may cause large
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accelerations approdching the structural strength of the alrplane after
1 or 2 cycleg. BSuch an osclllation cannot be tolerated and the

requirement is therefore made that this oscillation should damp out so
that the motlion of the elevator and the airplane has completely
disappeared in less than 1 cycle.

Influence of Design Factors on Short—Period
Longitudinal Oscillations

Reference 33 showa that theoretically en airplane with a positive
value of Cny of the elevator ls likely to experlence unstable, short-

period longitudinel osclllations. An alrplane heving a positive value
of Cpy will be statically unstdble with etick free unless the value

of Chﬁ ig sufficilently poesitive. If a posltlive value of Chm ig used .

in combination with a vositive value of Cng to provide stick—free static

stabllity, unstable short—perlod osciliatlons are llkely to result. For
this reason a fairly sccurate rule to follow in comnsection with the
deslign of aerodynamic balance for the elevator ls that Cng should

always be negative. The tendency for short—period longitudinal osclllations
to become unstable iz greater at high altitude and with a bobwelght in the
control system. Theoretical enalysls and flight tests have shown that a
continuous short—period oscillation may exlst under these condltlons

unisss the value of--ChB is sufficlently negative.

Requirements for Laterasl Motion

When an alrplane 1s disturbed laterally from a trimmed condition and
the controls are left free for a long period or held f£ixed in their trimmed
positions, the airplemne will generally tperform a short—period ocecillation
and will eventually go lnto & spiral dive. The dlvergence into the spiral
dive, known as spiral instability, is very slow and, like the phugoid
oscillatlion, has no correlation with the pilotts opinion of the hendling
characteristics. - For this reason there are no requirements for spiral
stabllity. Almost all actual alrplanes are spirally unstable. Two types
of latersl oscillation which are difficult to distinguish from each other .
may occur. These are known as Dutch roll and snaking. The requirement
is made that these osclllatlions should damp to one—half-amplitude in less
than 2 cycles. - ’

Influence of Design Factors *
on Lateral Osclllations
Dutch roll oscillations mey occur with the controls elther fixed or

free. The period of this type of oscillatlon on conventional airplanes .
variss inversely as the speed and generally varies from epproximately



NACA TN No. 1670 57

6 seconds near the stelling speed to about 2 seconds near the maximum speed.
This osclllatlon 1z a combined yawing and rolling oscillation that is
generally well demped for normal values of directlonal stability and
dihedral. With normal values of dlrectional stabillty an effective
dihedral of spproximstely 15° would be required to cause instability of

the Dutch roll osclllations. On airplanes wlth a large amount of weight

in the fuselage, the inclination of the fuselage to the flight path has

an important effect on the stabllity of the oscillations. A positilve

engls of attarnl AF -I-'ha -P-nan'l age hea o en-l-n'h"'l"u'fna aPParct (San
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reference 34.) The 'hendenc;y' for this osciJ_'La'bion is increased on
alrplanes wlth high wing loading flying at high altitude snd thse
requirement for damping of the oscillastion may set an upper limit on the
alloweble dihedrel angle for heavily loaded alrplanes intended to fly
at very high altitude.

The type of oscillation called snaking is a constant-amplitude
motion that can occur only with the rudder free. It 1s caused by the
use of a rudder that tends to floast ageinst the relative wind In
conjunction with frictlon 1n the rudder control system. If the alrplanse
1s dlsturbed from a trimmsd conditlion the rudder willl tend to float
in a direction to oppose any sideslip that 1s introduced. The friction
in the rudder conbtrol system will then hold the rudder as the alrplane
swilngs back through the trimmed position. The rudder, therefors, tends
to feed energy into the oscillation and = constant amplitude oscillation
is bullt up. This sequence of events 1s illustrated in figure 43. The
period of the osclillation varles Inversely as the speed, and the amplitude
is proportional to the friction in the rudder system. A theoretical
enalysis of this type of oscillation is glven In reference 35. Because
the motion of the alrplasne in this type of oscillation is very similar
to that 1n a Dubtch roll, 1t 1s difficult to distinguish the two types
of motion. In some cases the pilot may hold the rudder pedals fixed
but the flexibility in the rudder control system will allow the rudder
to move slightly and malntain an osciliatlion of constant aemplitude.
Nearly all cases of small amplitude yawing oscillations which have
been reported on numerous sirplanes have been cases of snaking rather
than Dutch roll. A good rule to use in connsction with the design or
rudder balance 1s that the value of Cp, should always be negatlve so

as to avold ths possibility of snaking osclllgtions. Theoretically, a
small positive value of Chu, may be used without causing oscillabtlons

provided Chs hgs g sufficiently large negative value.

Relation between Rudder, Alleron, and Elevator
- Short—Period Osclllations

The rudder snsking osclllation dlscussed previocusly is the most

. Prequent type of short—perlod cscillletion caused by motion of a comtrol
surface. Short—period longitudinal osclllations with the elevator free
are less 1likely to occur, snd the range of hinge-moment parsmsters that
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can be used is less restricted by the requirements for stablility of the
oscillations. Short—perlod alleron oscillations can slsc occur but these
osclllations are more difficult to obtain than those of the elevator. It
has been shown theoretically thet unstable oscilllations of the allerons
can occur only when Gh5 and Chc, have eappreclable posltive valuss.

Short—period ocacillations of the allerons have been ohserved 1in cases

for which the controls were overbalanced for small Jeflections because

of nonlinear hinge-moment characteristics. Overbalance of either the
elevator or rudder controls at small deflections would be even more likely
to cause short—period oscillations of these controls, ln addition to
probably causlng static instablility with controls free. The short—period
osclllations dlscussed hereln are gquite dlstinct from flutter 1n that
they do not involve much deformatlon of the ailrplane structure. Usually
the oscillatlons caused by flubtter have much shorter perlods than the
ogclllation discussed in this sectlon.

WIND—-TUNNEL TESTS AND CALCULATION
PROCEDURES FOR DETERMIRKRATION

OF FLYING QUALITIES

INTRODUCTION

For many years wind—tunnel tests were ordinarily made of models
wilthout propellers. Sometlmes empiricel methods were used Lo allow
for the effects of power on stabllity, such as, for example, a criterion
that required that the slope of the curve of plitching moment against
1ift coefficient should'lie wilthin certain specified limits. Such =
procedure was shown to be umsatisfactory when guantitative fllight—test
data became gvailable. Tests of powered models are now ordinarily made
and it has been shown that-the stabllity of an airplane may be correcily
predicted from these tests. The procedures for msking such tests are
discussed in reference 36.

SIMULATION OF POWER CONDITIONS

Criterions of Similitude

Since the effects of power result from the actlon of tlis propeller
forces and sllpstream effects of the alrplane, these factors must be
similated as closoly as possible ln the model tests. If the slipstream
velocltles are correctly reproduced 1n relation to tha free—stream
veloclties, the forces of the propeller willl alsc be reproduced, since
they are equal to the chenges 1n momentum of the alr in the slipstream.
The slipstream conslste of s mass of alr to which is imparted an increase
of exiel velocity, a rotationel veloclty, and a vertilcal or lateral
veloclty. Propeller theory indlcates that the axisl veloclty is a
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function of the torque coefflcient, and the vertlcal velocity 1s a
function of the normal—force coefficient. Because the relation between
ths thrust coefficlent and the torque coefficlent is a function of the
propeller efficlency, a propeller on the model would have to have the
same efflclency as that on the alrplane in order to similate correctly
all the propeller effects. Generally, the efficlency of the model
propeller is someswhat less than that of the airplans propeller, because
of its smaller scale. Therefore, exact slmilation of both the thrust

and Fammaiia AanaPPiadantas mav matr ha mAasaadthlia e TanotdnddneTl  wdbah3d T 44w
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tests. However, the thrust coefficlent is the most important parameter
and. should be exactly reproduced. The vertical—force coefficient

mey generally be reproduced with sufflicient accuracy by using a propeller
geometrically similar to the full-scsele propeller.

Verletion of Thrust in Flight

The definition of propeller efficiency is given by the followling
eguation:

v

1= —
550P

Hence, the thrust is given as a function of speed by the equation

T = @ (47)

Ordinarily with congtant—speed propellers, the horsepower remains
approximately constant, and the propellsr efficlency does not vary greatly
throughout the speed range. The thrust, therefors, varles approximately
Inversely as the speed.

In order to test a powersd model, the variastion of thrust coefficient
with 1ift coefflclent must be known. The thrust coefficient based on wing

area 1is usually employed in order that it should be directly comparsble with

the drag coeffilclent. From the preceding formula, the thrust coefficient
based on wing ares may be obtalned as follows:

T
T.? = —
C q_S
Tot = 2901P

gﬁs (%8)
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The speed may be expresged In termg of the 1ift coefficlent by the formula:
W
ol
V=2 (49)
Cr,

Hence, the equation for the thrust—coefficient becomss

389mpe*20, 3/

w ()8

This formula shows that the thrust coefficlent increases approximately

as the three—halves power of the lift coefficlent. The effects of power
on stabllity are usually greatest where the thrust—coefficlient and hence
the axial velocity of the slipstresm is greatest. Formuls (50) indicates
that these effects will be most marked at high 11ft coefficlients or low
speede., The aeffects wlll also be greater at sea level then at high
altitudes.

Tt

(50)

Calculation of the Variatlion of Thrust Coefficient with
Lift Coefficient for a Specific Alrplane

For most investigatlons of gpecifilc models in e wind tunnel, the
manufacturer wlill furnish a chert showlng the varlation of thrust coeffi-—
clent with 1ift coefficient for several constant—power conditions.

When such informetion is not suppllied, however, this variation may be
calculated by the following method. The use of a constant—epeed propeller
is assumed. Constant engine power 1s assumed becausse, in calculating the
stabllity of an alrplaene, it is desired to determine the forces and
moments that resuli when the trim speed or angle of gttack is changed

end the thrattle setting is maintained comstant.

The followlng factars are known: englne brake horsepower, propeller
speed, propeller dlameter, alrplane welght, and wing sres. The procedure
may be outlined as follows:

(1) For several values of 1lift coefflcient compute the speed
from the relation

W
2§ cos 6

¥V = or

(51)

For the first gpproximgtion, the angle of climdb 6 may be assumed
to be zero.
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(2) Compute the advance ratio for level flight <.1;1D'> for
Ly

each valus of 11ft coefficlent.
P

e3>

(h) From propeller charts applicable to the propeller under
conslderation, determine Cp, B, and 7 for each of the values

(3) Calculate the power coefficient, Cp =

of (%) and Cp. These charts are frequently presented in the
Ir .

form shown in figure 4. Examples of these charts may be found in
refersnce 37.

(5) Compute the thrust coefficlent based on wing ares

C
: _ T _ T op2
C e .
LF

(6) The angle of climb may now be computed from the equilibrium
relation which epplies in a steady climb or dive. This formula may
be derived by considering the forces acting on the airplans as shown
in figure 45. Equating the forces in the direction of flight gilves

the formuls
T—=—D=W=siln 8
- L
cog 6
T—=—D=1L tan 8
hence

tan 6 =T_D
L
T.! — C
'138.1'19=--0—E--2 (53)

The drag coefficient for use in calculation masy be estimated or
. measgured. on the model wlth the propeller removed.
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(7) To correct the data for the angle of climb, recampute
vy ( l) \/ ces O
nD 1IF

and obtain new values of Cp, B, and 7 for the corrected

values of _V_
nD

(8) The thrust coefficlent may be corrected more simply by
use of the eguation ’

Tc'IF

T.! =
¢ cos O

(9) The torque coefficlent may be obtained. from the formula
Te' v\ 1 S
= e (—) =—(— L
Qe 7 (nﬂ) 2% QD2> (54)

Selectlon of Model Propeller Blade Angle

In the full-scale alrplane the propelisr blade angle changes with
flight veloclty for constant—speed operation. It ls deslrable to select-
a blade angle for the model propeller which will simulste as closely as
possible the efficiency and normal—force characterisgtics of the actual
alrplane propeller. The model propeller mey be callbrated by making
measurements at verious propeller speeds with the model held at 0° angle
of attack. The drag of the modsel with propeller removed at the game angle
of attack CDR is also obtained. The thrust—coefficlents may be computed

from the formula

and the torque coefflclient may be obtained from ths measurements of the
power Input to the model motor. From plots of torque coefficlent against
thrust coefficient for each of the blade angles tested, the blade angle
which most closely simulates the full—scale propsller may be selected.

Preparetion of Operatlng Charts

The procedure of the previous section has resulted in two charts:
the varlation of thrust coefficient with 1ift coefficlent for the airplane
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and the variation of thrust coefficient with rotatlonal speed for the
model propeller at the selected blade angle. These charts msy be combined
to ‘glve the variation of propellier rotational speed with 1lift coefficient.
In order to determine the verlation of propeller rotational speed wlth
eangle of attack, the variation of 11ft coefficient wlth angle of attack
must be determined with the correct variastion of thrust coefficlent and
also with the correct stablllizer setting variation to keep the model in
trim. A sufficiently accurate curve may be obtained from the tests with
two stebilizer settings. The results of these tests may be applied as
shown in figure 46. At given propeller rotational speeds the angle of
attack is selected to glve the correct 1ift coefficient for a glven

power condition for the two stabilizer setiings used. A chart showing
the varistion of propeller rotational speed with angle of attack must

be prepared. for sach power condition and flap condltion to be tested.

The curve of 11ft coefficlent ageinst angle of attack for trimmsd
conditions must be used in preparing this chart.

- Simulatlion of Propellser—Idling Conditlon

A windmilling propeller on a wind—~tunnel model will usuelly give a
failrly accurate representation of an idling propellier on the actual
ailrplane provided there is no undue amount of friction in the model
propeller drive. In order to obtain the maximum accuracy in simulating
a propeller with engine idling, test date for the veristion of engine
torque with speed on the actual alrplane must be used.

WIRND-TUNNEL TESTS FOR LANDING AND
TAKE—-CFF CHARACTERISTICS

Wind—Tunnsl Tests Employing a Ground Board

Tests to determine elevator control near the ground are usually mads
by installing a ground board Iin the tunnel with jJjust sufficlent clearance
between it and the model landing gear to permit a reasonsble variation in
angle of attack. The tests are made with the model in the landing
configuration, that is, flaps down, landing gear down, propeller windmilling,
and stablllzer set to the walus used on the airplane for this condition.

The model is run through the asngle—of—attack range with a serlies of elevator
settings. The pltching moment is plotted against angle of attack for each
elevator gsetting. A cross plot ls then made of elsvator deflection

for trim egalinst angle of attack. Because of scale effect, the model angle
of gtall and maximm 1ift coefficlent will be lower than those of the
alrplane. Consequsently, the model usually stalls before it reaches the
angle of attack corresponding to the three—polnt attitude. The curve of
elevator angle against angle of attack must, therefore, be extrapolated

to this point in order to determine the elevator deflection requilred.
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Simulation of Power for Take-Off Condition

The variation of thrust with speed and thrust coefficlient with speed
have been discussed prevlously. On the ground, as in the air, the thrust
coefficlent is determlined by the veloclty. In the alr there ls a definite
relation between velocity and the 11ft coefficient and therefore between
the thrust coefficient and the 1ift coefficienti—On the ground thers is
no relation between the thrust coefflclent and the 1ift coefficlent:— The
airplane may be moving wilth a glven velocity at elmost any YLift—coefficlent.
In wind—tunnel tests the model propeller operating conditions may be
determined by procedures similar to those given for the normal flight
renge. The cellbrations must-extend to very large values of thrust coeffl—
clent since these values are sncountered at the airplane velocitles below
teke—off speed. It will probably be necessary to reduce the tunnel speed
consliderably in order to obtaln the required values of the thrust
coefficlent. :

Wind-Tumnel Test Procedure for Take-Off Condition

The teke—off condition requires large control moments from the
elevator because of the ground—reaction moments. The requirement amounts
to specifying that the elevator glve sufficlent asrodynsmic moment to
counteract the ground—resasctlon moments. It 1s desirable to refer all the
moments to the center of gravity, since the alrplanse in take—off-is
accelersting. A summation of momentes about any other point would require
that-the inertia effects be considered.

The model 1s tested 1n the presence of a ground board. at o° angle
of attack with the thrust coefficlent varied through a suitable range.
For a tricycle lending gear the maximum up—elevatbtor deflection and the
most forward center—of—gravity locatlon are used, and for conventional
landing gear the maximum down—elevator deflectlon and most rearward
center—of—gravity location are used. Curves of asrodynamic pltching
moment avallable and moment requlred to balance ground—reaction effect
can then be plotted against the thrust coefficient or velocity.

At 0.8 take—off speed the summaetion of the two should be positive for
the tricycle—landing-geer case; and at 0.5 teke—off speed, 1t should be
negative for the conventional-landing—gear cese.

Computatlon of Ground—Reactlon Moments
Tricycle landing gear.— In figure 47(a), the forces acting on an

alrplane with a tricycle landing gesr during the teke—off run are shown.
The ground—reaction moment ls given by the formula
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M, = —F,h — Rd
— R=W-1L

Fp = (W~ L)f

Mg = —(W — L)fh — (W — L)d
Mg = -Wfh + Lfh — Wd + Id
Mg = —Wfh + CrgSfh — Wd + CrgSd (55)

The corresponding moment coefficlent 1s given by the formula

M
aSc

g

-Wfh N CraSth g N Crasd

cms - aSc gSc aSc gSc
Cm =ﬂ :..f_h‘_+g;>+CL -:EE+§:
- g gS \c c c c
) W\/fh , 4
C. = - =+ =
| e (o= )2+

From the wind—tunnel measurements, the speed at which the aerodynaemic
moment 1is sufficlent to balence the ground reactlon may be determined.

Conventional landing geer.— In figure 47(b) the forces acting on
an airplane with a conventional landing gear during the take—off run

are shown. The equation for the ground—reaction moment coefficlent
mey be derived in the seme mammer as before.

- BE-9

DETERMINATTION OF NEUTRAL. POINTS

c

Stick—¥Filxed Neubral Point

The gtick—Lixed neutral polint may be determined from the measured
variastion of pltching-moment coefficient with 11ft coefficlent determined
. with two or more stabilizer (or elevator) settings. One way to determine
the neutral point would be to recompute the pltching moments about several
center—of—gravity positions from the wind—tunnel balance readings. With
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sufficiently extensive calculatlons, the neutral points could be found as

4ac
the center—of—gravity locations for which Cp = 0 and Ti.a_l.n = 0.

A simpler procedure, glven in reference 38, will now be described.
Assume that the wind—tunnel results are presented as 11ft and pitching

moment sbout some particular point (1) on the model. As shown by figure L8,
the moment ebout another point (n) is given by

My = Lxpy + Ml (58)

Converting to coefficient form:

CmpaSc = CraSxp + CmyaSc (59)
Cm, = C1, J—f,n + Cmy (60)
also
al aCm.
acy, c aCr,
dcmn
If point (n) is the neutral point, Cp, = O and = = O Hence, from
L
equetion (60)
Cm- :
ar . (62)
Ct, c
and from equation (61)
Cm  xy
i .. (63)
dcg,
In order to find the stick—fixed neutral point, a polnt on the curves
le d.le
of---cml against Cg, jrhere —C? = -d-FIT- mst be found. The distance
between the neutral point and point (1), the pitching-moment reference
le d.le

point, is then equal to elther — —— or -—.
Cr, dCy,
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A graphical method based on the gbove relationshlp that may be used
to determine the stick—fixed neutral point is shown in figure 49. At a
1ift coefficient of 1.0, the followlng relation exists: -

.
dCL C,
_ _*n
3 —C—-
= —=0,05
Hence, the nsutral point is at 0.25 + 0.05 = 0.30 or 30 percent mean
aercdynemic chord. At a 1ift coefficient of 0.6, the following relation
exigts:
d.Cm Cm
aop, ~ cg,
= —X0
c
= —0.10

Hence, the neutral polnt is a.t 0.25 + 0.10 = 0.35 or 35 percent mean
aerodynamic chord at Cp = 0.6

At other 1ift coefflclents, the results obtained from the tests
at two stabilizer settings must be interpolated or extrapolated. For

example, at a 1ift coefflicient of 0.3, the values of T and. g—m-
L L

obtained from the measured results of figure 49 may be plotted as shown
in figure 50(a).

The nsutral point 1s found from the relation

Cp _Cp
a—cL—=q=—O.2Oll-

Hence, the nmeutral point is at 0.25 + 0.204 = 0.45h or 45.%4 percent mean
aserodynsmic chord.

Another graphical construction, known as the method of tangents, 1s
illustrated in figure 50(b) for the sames data that were plotted in
figure 49. At a 1ift goefficient of 0.3, the meutral point is given by
the glope of the line from the origin to the Iintersection of tangents
to the pitching-moment curves at Cg, = 0.3. This slope 1s
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Hence, the nsutral point 1s at 0.25 + 0.204 = 0.1&54, which agrees with the
value obtained by the previous method.

The pitching-moment curves presented in these examples are ldealized.
In practice, experimental scatter of the date wlll mske exact determination
of the slopes of the curves difficult. In order to reduce errors in
determining the meutral polnts, 1t 1s deslrablse to obtaln data for three
stabllizer settings with rather large increments of deflection.

Stick—Free Neutral Point

The stick—free neutral points may be determined from wind-bunnel tests
in which the pltching moments and elevator hinge moments are measured with
at least two stabllizer settings and two elevator settings, and the pitching
moments are algo measured wlth tail off. A graphical procedure gimllar +o
that for the stick—fixed neutral points may be used. This procedure is
described In reference 39. Alternatively, the model mey be tested with
a free, mass—balanced elevator and the same procedure as was used for
calculating the stick—fixed neutral point mey be employed.

COKRCLUDING REMARKS CONCERNING SELECTION
OF ATRPLANE CONFIGURATION TO SATIBFY

THE FLYING-QUALITIES REQUIREMENTS

The various deslgn factors which mey be employed to obtain satlsfactory
handling qualitles have heen discussed in comnectlon with the various
requlirements. Many of these design conditions are of a conflictlng nature
s0 that compromises in the design wlll generally have to he made in order
to meet all the requirements as closely as posslble. A few typlcal
examples of the conflictling requlrements are given as illustrations.

The use of a slightly sweptback wing to improve the dlhedral effect in
low—speed climbling flight may cause unsatisfactory stallling characteristilcs.
The use of a closely balanced elevator to provide desirable stlclk—force
gradients 1n steady maneuvers over a large center—of-gravity range may
result in undesirably light controcl forces in rapld mensuvers. The use

of a positive value of Cha. on. the rudder to improve the directional

stabllity with rudder free will probably result in umsatlsfactory snaking
ogcillatlions. Offsetting the fln to provide sufficlent directional control
for trim at low speeds with power on may cause undesirably large variations
in rudder force with speed in high-speed dlves. Increaslng the chord of
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problem of balancing the control surface to obtain sufficiently light
stick forces more difficult. Many other simlilar examples may be found
by studying the handling—qualities requirements in detail.

In splite of the conflicting nature of many of the design requirements,

several alrplanes have been bullt which meet slmost all the handling—
qualities requiremsents without appreclably sacrificing performance
cheracteristics. Desirable handling gqualities in these cases have been
attained by considering the stebillty and control characteristics in the
early stages of the design and arranging such basic design factors as
the horizontal and vertical tail areas and locablions, wing plan form,
and center—of—gravity location 1n such a way that the handling—qualities
requlrements may be more easily sabtisfied.

The ability of an airplane to meet many of ths handling—qualities
requirements may be estimated gulte accurately simply from the dimensions
of the alrplane. Methods of meking these estimations have not been
discussed 1ln detaill in the present paper bubt they may be found in the
various NACA papers glven as references. Some factors which camnot be
accurgtely estimgted from the airplane dimensions at the present time
are the effects of power on longitudinsl and directional stablility.
Wind~tunnel tests of a complete model are desirsble in estimating these
effects. The methods of calculatlng the flying quallties of an airplane
from wind-tunnsl tests are described more fully in references 40 and L4l.
In order to make a complete evaluatlon of the handliling qualities of a
proposed alrplene, the effects of compressibility should be determined
by means of tests of a complete model in a high—speed tunnel, and the
hinge moments of the control surfaces should be measured by means of
tests of large—scale or full-slze models.

Langley Memorial Asronautical Laboratory
Natlonal Advisory Committee for Asronautics
Langley Field, Va., April 12, 1948
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APPERNDIX
SYMBOLS

radisl acceleration, ft /sez::2

span of wing,. unless subscript is used to Indicate otherwlse
distance from longltudinal axls to a point—on aileron

drag coefficient (D/qS)

drag coefficient of alrplane with propeller removed
elevetor hlnge-moment coefflclent (E/q_'becee)

elevator hinge-—moment coefficlent-when ap = 0° and & = 0°
varliation of control-—surface hinge-moment coefficlent with

of attack <ach
angle attac P

variatlon of control—surface hinge—moment—coefficlent with

deflectlon < %)

1ift coefficient (L/qS)

rolling-moment coefficlent (I/qSb)
dcy
(&)

varlation of rolling-moment coefflclent with alleron

demping-moment coefficient in roll

s1e})
deflection <-GTS—

pitching-moment coefficient (M/qSc)
pitching-moment coefficlent at zero 1ift (My/gSc)
yawing-moment coefficient (N/qbs)

propeller power coefficient (B/m3D2)

propeller thrust coefficienmt (T/on®D*)
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|

NJ"P‘P‘IH!I-" B

=

&

side—force coefficient (¥/gS)

wing mean aerodynemic chord, with subscripts indicates
root—mean—aquare chord of indlcated surface

drag, or propeller diamster

horizontel distance between center of gravity and wheel hub
gtick force

friction force

coefficlent of friction

acceleration due to gravity (32.2 ft/sec?)

hinge moment

vertical distance between center of gravity and ground
when airplane ls on the ground

incidence of tail
ratio between elevator stlck force and elevator hinge moment
1ift, or rolling moment
demping moment in roll

-

tall length measured from the center of gravity to quarter—
chord point of tall

pitching moment

piltching moment at zero 1ift
mass of alrplane

yawing moment

‘propeller speed, rps, or normael acceleration in g

shaft horsepower

rolling veloclty

mropeller torque disk—loading coefficient Pr@ellg" 3t°r‘1“e)
| 672D
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dynemic pressure (%p72>

ground reaction, or radius of curvature of flight path
wilng area

propeller thrust _

propeller thrust disk—loeding coefficilent (T/gVeD2)

propeller thrust coefficient based on wing sarea

true alrspeed

welght of elrplane

vertlcal veloclty of flow a:t-fail

stick movement

dlstance from cenbter of gravity to neutral point

distance from center of gravity to asrodynamic center of
wing—fuselage combination

digtance from aerodynamic center of wing—fuselage
combination to neutral point

glde force

angle of attack

propeller blade angle, or angle of sildeslip
change in a quantity

control surface deflection »
elevator deflection required for trim when Cp =0
downwash angle

propeller efficiency

engle of climb

airplane relative~density coefficient (m/pS1)
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o] alr demsity
0,

T = fﬁ control-surface effectiveness factor
B

g sldewash angle

¢ angle of bank, or trailing—edge angle of airfoil

Subsgcripts:

a alleron

b balance

e elevator

£ Flep

g : due to presence of ground

Ir level flight

n point n

t tab

T tall

W wing

e
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TABLE I

ATRPLANE CHARACTERISTICS ASSUMED IN CALCULATING STICK FORCES

REQUIRED IN MANEUVERS GIVEN IN FIGURE 18

The followlng characteristics were assumed to be the same for
all the alrplanes taken as exsmples:
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Flgure 1.- Moments and vertical forces acting on an alrpla.ne
: in steady flight.
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Short-period oscillistion

(ususlly well damped,
sometimes umstable).
Long-period oscillation
(phugoid) steble or un-
stable with stlck free.

Stick—free Hl Po StiCk—fiIEd N.P'

——» Divergence with atick fres

——- Divergence with stick fixed

Short-period osci_'l.laﬁsim
alweys well damped. Long-
period oscillation (phu~
gold) steble or unstable
with stick fixed.

SHAAS

Figure 2.~ Chart describing the dynamic longitudinal stability of an airplane as a function of
center-of-gravity position. The arrows indicate location of center of gravity with respect

{0 neutral point,
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1.2

o4 =

Figure 3.- Typical variation of propeller thrust coefficient Ta

with 1ift coefficient in steady flight, Ty = —iee.
pV2 D2




Direction of flow

Figure 4.~ Effect of mode of propeller rotation on downwash at tail on a twin-engine airplane.
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Figure 5.~ FPorces acting on airplane due to elevator deflection.
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Indicated airapeed, mph

Figure 6.- Typical examples of the variation of elevator angle with speed for stable and
unstable airplanes.
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Figure 7.~ Variation of stick force with speed in steady flight, as calculated by formula (19).
Values below the stalling speed have no physical significance.
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Neutral stick-free
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indicated by cross-hatching
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Figure 8.~ Boundary between stable and unstable values of Cp and Ch5 for the example
a

e

given in the text.
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N rward position |——»

ogr:o;:;ol st:lgzsre- [More forward position
quired for steady flig'ht of control stick required
at lower speed, and for steady flight at

P — vice versa lower speed, and vice versa
>

requinad for sreay | HoFe Fush forcs
required for steady

flight at lower flight at lower speed,
speed, and vice d vi
versa FHe vhee veres

Figure 9.~ Chart describing the control characteristics of an airplane as a function of
center-of~gravity position, The arrows indicate location of center of gravity with

respect to neutral point.
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(a) Variation of elevator engle with indicated eirspeed.
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{b) Variation of elevator angle with 1ift coefficlent.
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(c) Variation of %
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Figure 10.- Method for determining stick-fixed neutral point from
flight data. .
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c.g. posltion, percent M.A.C.

20

Flight data

Stick force, 1b

Indicated sirspeed, mph
(2) Variation of stick force with indicated airspeed.

8
Ce8e poszi(.)tion, percent M.A.C.
o
=
g
=
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- 0 .
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i | 1 {
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Lift coefficient, Cp
(b) Veriation of the quentity F/q with 1ift coefficient.
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(c) Veriation of the quantity dqu) with center—of—gravity

position. )

Figure 11.- Method for determining stick-free neutral point from
flight data.
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Figure 12.- Typical example of effects of compressibility on the variation of stick force with
speed in steady flight and in flight with constant values of normal acceleration.
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Figure 13,~ Typical dive-recovery-flap installation.
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Stick force, 1b
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Figure 14.- Effect of stabilizer incidence on the variation of stick force with speed in straight
flight. The variations in stick-force characteristics result from distortion of the elevator

covering and from stabilizer twist. Angles and distortions greaily exaggerated on sketches.
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(2) Airplane away from ground.
Real airplane
v
——

Image airplane NACA

(b) Airplane near ground.

Figure 15.- Effect of image vortex system on downwash a’ﬁ tail as
airplane approaches the ground.
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Figure 16.- Effect of curvature of flight path on the angle of attack at
the tail during a pull-up.
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Figure 17.- Graphs showing stick forces required in maneuvers.
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Figure 18.- gStick-force characteristics in maneuvers for three types of

airplanes with unbalanced elevators; airplane characteristics given
intable II. C,, = -0.003 per degree; Ch6 = =0,007 per degree.
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Figure 19.~ Approximate reduction in Cy required to meet elevator-control-~
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force requirements, as a function of airplane weight,
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Chq or chﬁ s per deg

“e 016

et ) 020

Flap chord/airfoil chord, cg/c

Figure 20.- Variation of flap section hinge-moment parameters with
ratio of flap chord to airfoil chord. Plain flaps with sealed gaps on

NACA 0009 airfoil of infinite aspect ratio.

Data from reference 17.
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Figure 21.- Typical effects of overhang balances on control-surface
hinge-moment parameters., Derived from data of reference 19,
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Figure 22.- Typical effects of unshielded horn balances on control-

surface hinge-moment parameters.

reference 20.

Derived from data of
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Figure 23.- Typical effects of full-span balancing tabs on control-
surface hinge-moment parameters. Derived from data of

reference 19.
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Figure 24.- Typical effects of beveled~trailing-edge balances
on control-surface hinge-moment parameters. Derived from
data of reference 19.
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Figure 25.- Typical effects of sealed internal balances on control-
surface hinge-moment parameters.
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Figure 26.- Comparison of effects of various aerodynamic balances on hinge-moment
parameters of typical control surface.
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Figure 27.- Typical variations of rudder angle, rudder force, and
sideslip angle with speed in straight flight with wings laterally level.

Single-engine tractor airplane.
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Figure 28,- Forces ahd moments acting on single-engine tractor airplane in fi!ight at
high angles of attack with wings laterally level. Propeller rotation clockwise when
viewed from the rear,
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Figure 29,- Forces acting on an alrplane in a steady sideslip.
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Fi'gure 30.- Effect of small fins on the yawing moments of a
fuselage with circular cross section.
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Figure 31.- Illustration of cause of unstable variation of yawing
moment with sideslip for a wing with dihedral.
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Figure 32.- Variation with sideslip of the yawing moments contributed
by the propeller, fuselage, and vertical tail for a single-engine

tractor airplane.
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Figure 33.- Wind-tunriel measurements showing effect of a dorsal
fin and of vertical fins on the tip of the horizontal tail on the
directional stability characteristics of a single~-engine fighter
airplane. Power-on condition (contrarotating propellers),
rudder free.
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trailing wing caused by
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Figure 34.~ Ilustration of unstable dihedral effect caused by power
(tractor-~type airplane).
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Figure 35.- Effect of 2 moderate amount of sweepback on the
variation of effective dihedral with lift coefficient. Single-
engine tractor airplane; power=-on condition.



Figure 36.~ Derivation of the formula for helix angle.
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Figure 37.- Time histories of typical rudder-fixed aileron rolls in
a medium-bomber airplane,
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Figure 38.- Typical variation of ajleron effectiveness with speed.
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Figure 39.- Effect of changing aileron travel while keeping same
stick travel on the variation of aileron effectiveness with speed.
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Figure 40,- Airplane dimensions used in example for calculation
of aileron control characteristics,
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Figure 41.- Variation of stick force and aileron deflection with
speed for airplane used as example.
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Figure 42.- Aileron wheel force for full aileron deflection as a
function of speed for airplane with 240-foot span. Unbalanced

ailerons,
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Figure 43,- Ilustration of rudder and airplane motion during a snaking oscillation.
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Figure 44.- Typical charts showing propeller characteristics.
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Figure 45.~ Forces acting on an airplane in a steady climb.
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o1 «5 Stabilizer :|.,ncidence, iy, deg

Figure 46.- Method of determining approximate variation of lift
coefficient for trimmed conditions with angle of attack for
preparation of propeller operating charts.
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(a) Tricycle landing gear.

. L
Ey
d
(b) Conventional landing geer.

Figure 47.- Calculation of ground reaction moments.
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Figure 48.- Diagram illustrating calculation of moments about
point (n) when forces and moments about point (1) are given.
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Data for c.g. = 25 percent M.A.C.
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Figure 49.- Wind-tunnel test data for determination of the stick-
fixed neutral point. Neutral points determined directly at
CL = 1.0 and 0.6.
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(a) Method of extrapolation of slopes.
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(b} Method of tangenta.

Figure 50.- Graphical procedures for determination of stick-fixed
neutral point from wind-tunnel tests.



